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- • This thesis describes a program manipulation system which speeds up

Lisp programs by rewriting them . The system can read in programs and

input test sets , run the program in a controlled fa shion , and propose

and carry out changes to the program which m a y  result in faster

execution and better algorithms. Improvements fall into two categories :

those based solely on the program text, and those which use information

learned from running the program. Changes are tested for correctness

(program gives the sam e answers) and effectiveness (actually speeds the -

program up).

Discussed in the thesis are the pro~rammable language—oriented

editor which carries out transforrtation commands , the library of

patterns used to organize program transformations, a data and control

flow analysis rout ine , and tools for investigating the dynamic behavior

of programs. One section is devoted to a discussion of the controversy

surrounding the area of program proving, and gives arguments in su~~ort

of the programmer—aided program testing techniques used in the

transformation system.

The system was applIed to a number of’ programs, ranging in size

from single functions to large programs twenty—five pages in length .

The Improved programs had execution speeds ten to fifty per cent faster

than the originals.
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I

II’~TR0DUCT ION

This thesis describes a progra~r manipulation system which speeds up

Lisp programs by rewriting them . The system can read in programs and

input test sets , run the oro~ rarn in a controlled fashion , and propose

and carry out changes to the program which may result in faster

execution and better algorithms. Improvements fall into two categories:

those based solely on the program text (static r~~teh—replacements), and

those which use information learned from running the program . Chanc~es

are tested for correctness (program gives the sane answers) and

effec tiveness (actually speeds the program up) .

Also described are various tools constructed for the system which

have pro ved useful in their own ri,ht , includi n9 a prograntmable Lisp

edito r , a calli ng tree generator , and several metering and monitoring

prog rams.

- - - ~~
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1. 1 The Need for Optimizat ion

The need for some form of automatic opt imivation has beer cl~~r

from the first days of higher level langua~’es. The origiral reason for

higher level languages was to make prograr’nirc’ easier , and a large part

of that task involves hiding the “ugly realtti~s” and eccentricities of

the physical machine from the programmer . At the sane ti~ie , the

intr icacies of’ machine language and the enormous number of no~sihle

machine code seauences to do the sam e task means that the 1an~ ti~~e

t ranslator will often choose a sequence which is not the f’~~ t ’~’s t .  ‘i’v cn

worse are the inefficiencies suffered due to the modular ~ppro aeh taken

by most language translators (which is very worthwhile for other

reasons) . Separate compilation of functions and standardized nodule

interfaces make for uniform code , but they of ten lead to redurd~~ t

computation (for example , saving all the reg isters before every

subroutine call , even though many subroutines do not use ~11 the

registers). Much of the early work on compiler optimization was aimed

at removin~ this sort of “ridiculous” code [N ievergelt], and makin~ the

source code efficiently reflect the program written in the hiRher level

language. 
.

In addition to “machine level” opt imizat ions , perhaps tycified b~r

the problem of’ register optimization , most modern com pilers do some

other optimizations which really involve ~~~ following the cro~rapP~~r’
s

prescription exactly. Some examples are eliminating the redundant 

— =~~~ -~~~~~a - -~~~~
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computation of common subexpressions , compile ti~ne computation of

constants , and moving invariant computations out of loops [Allen 71] .

With the introduction of ever “higher level ’ la~~ua~ es and

automatic programming systems, the prohieth of optimlzaticr. takes on a

central role . It has become far easIer to nrcduce a ~orking prcgram ,

but it is also easier to produce an inefficient one [Cheatham 72]. Very

high level languages allow the concise specification of algorithms

dealing with complicated data structures. In these languages it is

often easy to write an ineff icient algor ithm without even real izing that

one has done so , because so many operators are bu i l t—in . In a set—

oriented language for example , the easiest—to—write algorithm may

unnecessarily generate many intermediate copies of the sets involved

[Schwartz].  The auestion of optimization may also involve choosinc~ a

good underlying machine representation for the sets , which in general

depends on the part icular program being run and thus can not be bu ilt

into the system ahead of time [Low] . One purpose of an automatic

optimizer then , is to let us “have our cake and eat it too .” Within  the

last few years there has been increas ing interest in extending the power

of automatic optimizers even further  —— to the point where they can come

up with significant improvements j~~ .tJa~ ~.ctual algorithm [Darl in ~ ton ]

[Wegbreit 76] [Standish].  This has proved au i t e  d i f f i cu l t  for usefu l

size program s —— often beoause it can be very d i f f i c u l t  to separate  the

“algorithms ” from the ‘ incidental~ ” in real programs.  ~‘onethe1ess , the

idea of having an “ algorithm assis tant”  is very exelt in s , and shews
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promise. Another area of optimization is that of specializing the

program for the data , or dyna’~ic ana].v~.j.~ This involves actually

running the program In order to observe its ~xecution behavior and

gather statistics , and then modifying the program to take advantage of

any “lopsidedness.” Running the program also gives many clues as to how

the algorithm might be improved .

In this thesis, I will try and ~oint out the virtues and

practicality of doing most of the ontimizations mentioned above within

~~~~~ lan~u~ge. There are three main advantages to optimizing

within the souroe language. The first is that the pro~raamer need only

know one language —— the output may be a little more unreadable than the

Input , but it is at the sai’~e conceptual level , in the same syntax , and

for the same “machine .” The second advantage is less obvious : with

source—to—source transformations, the program can be cycled through the

system more than once, feeding the output back to the input. This makes

much of the system design easier since it allows one to worry about one

type of optimization at a time. It also allows one to explore more than

one sequence of optimizations, and compare the results. The third

advantage of remaining within the source language is that the programmer

(and in the future, the system itself), can more easily verify that the

optimizations are correct. As I will discuss later , if one limits

optimizations to those which are “completely correct” for all oases,

there are very few of them in real programs operating on real data.

L. . 

~~~~ —-- . - -— -.——. ~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~. _.~~~ _ ._ ___ . _~ ~—. _—._ ——-.—.- - .-—-“- ~~~~~~~~~~~~
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1.2 Outline of Thesis

The bulk of the thesis is devoted to examples of how the system

works . Chapter II describes the various pieces of the system , and how

they fit  together . Included are descriptions of how the system

manipulates the program , the library of static knowledge , and the tools

used to investigate the dynamic execution characteristics of the

program.

Chanter III Is devoted entirely to examples , starting with a series

of standard Lisp functions, and how they can be improved . The number

of possibilities for even the simplest of functions is surprising .

Most of the improvement to the standard functions comes from

transforming the function from a recursive to iterative form . The rest

of chapter III discusses the results of using the system to optimize

some large programs. These are included to show that  the system can

deal with real programs by treating program forms that it doesn ’t know

about explicitly as “black boxes.’

The last chapter contains conclusions, an assessment of the system ,

and suggestions for future work. ~~An introduction to the dialect of Lisp

used in the system is included as an appendix.

__________________________
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II

ORGANIZATION OF SYSTEM

This chapter begins with a discussion of how the choice of language

influences the construction of a program transformation system . Then

the programmable language—oriented editor used by the system to carry

out all program changes is described. The next section covers the

pattern library , where pairs of input—output eatterns are stored; these

pattern—pairs implement most of the ontimizations carried out by the

system. The next two sections describe programs which are used to

analyze both the static and dynamic characteristics of a orogram , and

which can be called by other parts of the system . The last section in

the chapter discusses the question of program testing versus program

proving, and gives examples to show why limiting the system to

“perfectly correct” transformations is not a good idea .

_____  

.. 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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~ ~~~

— ff ~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~ :: :~~:~~~i: ~~
_ _ _~



_____________ - —‘n———

7

11.1 The Choice of Language

Wh en building a program transformation system , the choice of what 
—

language to use is very important. There are a number of feati ’res which

a programming language should have to make the job as easy as possible

—— and the result as useful as possible.

II.1.a Easy to Manipulate?

The language should be easily maninulable. This implies that the

language be modular and have a consistent and simple syntax . For most

infix operator Algol—like languages, this would mean that as a first

step one would have to parse the input program into a tree structure so

that constructs such as function oalls, loops , and condit ional clauses

could be recognized and edited by the system . On output , the tree

structure would have to traversed to regenerate the source code. To be

easily manipulable also implies that the implementation of the langua ge

be as free of restrictions as possible. For example , if the language

does not allow certain constructs in the arguments of’ a function call ,

or there is some arbitrary restriction on the amount of embedding of

constructs , then the manipulation of that language will be much more

difficult than if all constructs are allowed anywhere to any complexity. 

~~-~~~~ - - ~~~~~~~-- - -----—-~~~- -
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II.1,b Sufficiently Powerful?

The language must be powerful enough to be useful for practIcal

purposes. Optimization would be much easier in a “theoretical” language

where one did not have to worry about the scope of variables , the

assignment statement , and destructive data structure operations. Such

languages are very interesting , but are rarely used for production

programming . Another reason for language power is that without it , m any

optimizations will not be expressible in the original language. Also ,

the more power , the more likely we are to find powerful optimizations: a

language with just iteration , or just recursion , will not encourage us

to “think of the possibilities.”

11.1.0 Simple?

Somewhat at odds with the need for powerful constructs Is the need

for the language to be reasonably simple to understand . simplicity is

necessary so the programmer can understand the entire language, and also

so the automatic optimization system can understand it. This desire for

simplicity may or may not argue for extensible languages (l ike FCL.

(Cheatham 76)), since it is very difficult to get a program to

understand the concept of extensibility well enough to generate

optimization strategies for the extended elements of the languEu~e.

Since compilers do exist for extensible languages , extensibility is

clearly understood well enough for the purposes of ootrpil1r~~, hut th is

is certainly not enough.

- —
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II.1.d Lisp

I chose a dialect of the LISP langua,~e becaus ~ I felt it had most

of these features and because I have had long experience usin~ i t .  I

also have written my own interpreter for the lan~uage on the DEC PDP—1O

computer, and this allows me to control the implementation of new

features and the removal of bad ones. This factor was important, since

many languages are either so standardized or so complex that

modifications to the language definition are difficult. For exaf!rnle,

one important feature of this Lisp, uniform handling of exceptions,

(described in [Rutter 77)), is crucially Important to the ability b r

controlled execution —— this feature would have been difficult to

implement in a “standard” language, or even one of the standard PDP—1O
-

‘ 

Lisps [Moon] [Quam] [Teitelman].

The syntax of Lisp makes it easy to get started on a manioulation

system —— the only parsing required is done by the READ function , which

is easily understood . Similarly, getting the modified program back out

in Lisp format is also easy. Since the langua~e is interpreted directly

off the program tree , and the tree appears in memory In exactly the same

format as it does on paper , the problem of dealing with dual

representations of the program does not arise. While it is not

difficult to parse Algol—like languages into a program tree , I believe

it would have proved quite an impedi~’er.t to have to think about “how

this text fragment appears in tree format.” (I feel compelled to defend

the choice of Lisp because It has the reputation of bein~ difficult to 

- -- —~~ ~~~~~~~----- ~ -

— ~
- - - - - - rn--
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understand, an Al cult language, and generally “Just a mass of

parenthesis.” Personally, I find the current trend in “structured

languages” of carrying the BEGIN—END syndrome to its ultimate conclusion

(IF/Fl, CASE/ESAC, DO/OD, PROC/cORP, eta) far more confusing than using

only one set of bracketing symbols.)

The version of Lisp used as a manipulation languare has proved

reasonably powerful ~~— the entire manipulation system was written in it.

A modified compiler for the Lisp 1.6 system ~Quam] serves as a compiler

for a subset of the language —— this was used only when absolutely

necessary for speed reasons, which turned out to be relatively seldom .

The language and syntax are briefly described In the anpendix.

~~~~~~~ -~~~~~~~~~~~~ —-
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11.2 Programmable Language Oriented Editor

A major component of any program tr~risformation system is an editor

which actually carries out the changes. The character—oriented or line—

oriented editors normally available for use on computer systems are very

poorly suited to this task. Not only are most text editors not

programmable to any significant extent, but they also must be run as

separate , stand alone jobs . What is needed is an editor which deals

with program “pieces” as its standard unit .  For example , the editor

needs to have the same syntactic definition of “ symbo l” as the language

does , and moving from one symbol to the next should be an elenentary

operation. It is also necessary to be able to recognize higher level

constructs in the language. Conditional clauses, function calls, b oos,

functions definitions, etc. should all be recognizable by the editor.

L In the rest of this section , I will briefly describe the Lisp

oriented editor used by the transformation system to carry out all the

low level manipulations of programs.

II.2.a Basic Capabilities

The editor used is actually an augmented version of an interactive

Lisp editor which I wrote for my own use while writing and debu ing

Lisp code at a video terminal.  }~andlin~ the program ~~ ~ orogra’~ is

simplified by dealing exclusively ~‘ith the internal tree form of the

pro~ram —— no character manipulations ~‘re done. Here again the
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simplicity of Lisp syntax aids us tremendously —— no lexical scan or

parsing (as such) need be done —— the program is simply READ in. Once

the editor has read in the program from the terminal or a file, only the

internal f orm of the program is dealt with until the program is written

back out.

The first set of basic operations needed by an editor are movement

commands. Since the program is represented internally as a binary tree,

the three elementary operations are: move down (to the left), move down

(to the right), and move up, In order to be able to move up , one must

push a “back pointer” onto a stack whenever descending in the tree ;

moving up then reduces to popping this stack. These elementary movement

operations are too simple to be enough —— there are also single commands

to get to the next element of a list, the last element, the previous

element, the head of the list, the top of the entire tree being edited ,

and several others. The other important movement command Is the “FIND”

command , which searches the tree for an occurrence of a pattern . This

command uses the pattern matching routine described later to find a

match. In all of these movement commands , it is possible that the

requested movement oannot be performed —— in this ease an ‘editor error”

is generated , which is a “aoft error” in the sense that nothing hapoens

to the tree being edited or to the editor.

The other basic oapability of an editor is to make changes to the

program, Elementary operations available are deletion , replacement ,

insertion of new items, and structure modification. ~1so included in

- — - ----— ____
~~~~~

__ 
- - -

~~~~~~
--

~~~~
— -

~~~
—

~ 
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the editor are commands to replace ~ J. occurrences of a given pattern

with another pattern —— these form the basis of the transformation

system ’s static analysis portion .

II.2.b Programmability -

To be useful in an automatic system , the editor must be

programmable so other programs can use the editor to carry out changes.

Programming the editor is done largely through command lists ., which are

seouences of editor commands that apoear much like the seouence of

commands a person would type to carry out the same task. The command

lists are executed by invoking a recursive copy of the editor itself,

thus command lists may be embedded to any degree. There is also a —

command .which allows a command list to be repeated a soecific number of

times, or until some condition becomes true.

Some care must be given to the implementation of’ programmability in

an editor , since the occurrence of errors in the command list should not

destroy the editor or the program being edited . Indeed , I have found it

useful to exploit the soft handling of editor errors by writing co’nr~and

lists which execute until the occurrence of some editor error (e.g. some

seouence of movement commands which stoos only when it can move no

further).

L - - -
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I1,2.c Pattern Matching

All the replacement and searching commands in the editor allow the

specification of a .g.gtt~~n. The patterns can be arbitrarily

complicated , and allow one to solve the problem of recognizinm

programming language cons~ructa mentioned earlier. Pattern matching

facilities are familiar to most Lisp programmers, since they are often

given as examples in introductions to the languai~e. They can however ,

be fairly tricky to debug so that they work for all the peculiar cases.

The pattern matcher that I use has six special case elements which

drive it. A “?“ matches exactly one thing , a “ i” matches any number of

things (Including none), Symbols starting with the character “?“ are

set to the item they match , symbols starting with the character “i” are

set to the list of zero or more items that they match. Lists st~ rt in~

wi th “R?” are special restrict clauses: the third element of that list

j~~ ç~n~j~~r~d a restriction on the pattern —— it must evaluate to true

for the pattern to match. The second element of the list is a symbol

which is set to the element matched. Lists starting with “R” are

similar , but the restriction applies to the list of elements matched.

Anything else appearing in a pattern must match the data exactly for the

whole match to succeed.

Patterns are used not only for determining whether there is a

match , but also for their side effects. The side effects are the

setting of “?“ and “s” variables, the setting of variables in restrict

clauses, and any other side effects the pro~rammer t r ay  have caused via a

- 
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restriction . Restrictions are the “escape mechanism” of’ the pattern ——
since the restriction clause is simply evaluated it need not be limited

to a true/false predicate, but may do anything it pleases —— including

invoking the editor, asking the user questions , etc.

The simple form of “replace all occurrences of this with that” also

uses a pattern notation for the code that is to be substituted . A copy

of this “output pattern” is made for each replacement , with any

occurrences of “?“ or “ i” variables replaced by their values.

II.2.d Examples

The editor command for the simple form of “replace all” is the

letter “Z” (don ’t ask why). This command takes two arguments , an input

pattern to be searched for and an output pattern to be instantiated and

used as the replacement. The edit commends to ap’ñy DeMorgan ’s rules as

a logical simplification consist of the following’ two command lists:

(Z (OR (NOT ?A) (NOT ?B))
(NOT (AND ?A ?R)))

(z (A 1’TD (~‘flT ?~
) ( NOT ?R ) )

(NOT (Oi-i ?A ?B)))

A command list to replace all occurrences of tests for EQ or equal that

are guaranteed to be true with the constant “1” would be:

(z ( ( H?  ?F (
~Et~Q ?F ‘(EQ =fl)

(~ ? ?~ (: ?~ ?A)))1.)

____ - 
-
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There is a more complicated form of “replace all” in the editor

which allows finer contro l over the replacement process (e.g . whether

or not occurrences of the pattern should be searched for j,n

reolacement of a matched pattern). This form also allows the

replacement to be the return value of a program rather than a pattern —-
sometimes the desired replacement can not be conveniently specified as a

simple rearrangement of the input pattern.

While designing the editor, I have tried to be very careful about

making it overly complicated by building in every conceivable operation

asa command . There is always an illusion of’ power and greatness with

software that implements an enormous set of operations —— but it Is

usually exactly that:  an illusion. Part of keeping it simple was to

make it programmable. Equally important was the philosophy that , as

much as oossible , there should 
~~~~~~~~ 

be a separate “editor lano’uage. ’

Since the editor is running inside a Lisp interpreter , when more

powerful control constructs are needed one can simply call the

interpreter from within the editor. This has been made practical by the

uniform oontrol of exceptions (errors and non—local exits) that is

available in the Interpreter. Thus, if from within the editor an

infinitely recursive function is evaluated by mistake, the resulting

stack overflow error will be caught, and control returned to the editor

safely. 

—-- — - —“- ---- - ---‘~~------ ---‘ -—-- — —-- -- ---~-- - ------~--——---~~ - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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11.3 Pattern Library

This section describes the library of substitution patterns that Is

part of the transformation system . These patterns are static in that

they can be used without any knowledge of the program ’s running

behavior. The pattern library is the simplest part of the system in

concept , but has turned out to be the most useful part when the system

is used on real programs.

II.3.a Format of the Library

Patterns appear in the library as components of named editor

command lists. The majority of the command lists are simply pattern

pairs , where all occurrences of the first pattern in the program beinc~

opt imized are to be replaced by the instantiation of the second pattern .

Most of’ the pattern pairs are ~~~~~ natterns , in that they can be

applied to a program fragment irdependently of program constructs

H ou tside that fragment. Some of the patterns are more complicated in

that they do look at surrounding parts of the program (via restrict

clauses in the pattern) to decide whether there is a match. Patterns

which attempt to determine whether the return value of a computation is

used are of this nature , for example.

The command lists are given names so that they can used by other

programs , and anpear in other command lists. ~‘ach command list deals

wi th one set of s imilar  Dro~ ram r rop ertles .  This Is necessary to cut

-
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r~
’
~ ~~~~~~~~~~~~~~~~~~~~~ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -~~~~~~

18

down on interference between the transformations. Hi~her level command

lists which specify transformation strategies also appear in the

library. These use the lower level lists to implement sequences of

transformations, The strategy command lists also contain control

structures —— so they are not simply linear lists. This allows one to

decide dynamically which set of transformations to try next , and when to

stop . Deciding when to stop is not as easy as it sounds since some

transformations are done for the purposes of following patterns and

later undone. Thus one can not simply stop cycling through the entire

sequence of transformations when no replacements are made , beca use there

will usually be some of these “noise replacements. In practice , I have

found that cycling until the number of replacements per cycle settles to

a constant number is a reasonably good heuristic.

More complicated formats~ for the pattern library were considered ,

but rejected due to lack of sufficient benefit. In [Loveman] the

preconditions for application of the pattern that I have included as

part of the pattern itself (via restrictions) are proposed as separate

elements, along with post—condItions and effectiveness predicates.

Another idea, also used in (Irvine], is for each pattern to have

associated with it a pointer to what transformations to try next if the

replacement is made. I feel that it is too bulky to do this for every

pattern pair in the library. In addition , what is really needed is the

capability to decide dynatnioajly which transformation , or more likely,

set of transformations, to apply next. This capability is available by

L. ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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using the lower level command’- lists as elements of the strategy command

lists.

II.3.b Transformation Sets

In this section I will briefly describe what is in some of the low

level transformation sets.

The first sets of transformations applied to a program attempt to

get the program into a standard form. The first step here is to get rid

of synonymous functions. For example , in most Lisps, the functions NULL

and NOT are identical (although not all programmers seem to realize it).

The system changes all occurrences of NULL to NOT. In my Lisp , there

are quite a few synonyms, some arising from historical usage, and some

for typing convenience. For example , all of the followinr~ are synonyms:

SETO <—> 5, DOWNILE <—> DW, DOUNTIL <—> DU, PLUS <—> + , MINUS <— > — ,

DIFFERENCE <—> — , ADD1 <—> 1+ , GREATERP <—> > , EQUAL <—> = , and more.

The next step towards uniformity is to get rid of compoun d

functions by expanding them to their simpler- form . As a simple example ,

the function NEQ (for NOT—EQ) is built—in to the interpreter. It Is

much simpler for later transformations if occurrences of “(NEQ ?x ?y)”

are replaced by U (NOT (EQ ?x ?y))” , because fewer functions have to be

understood. Similarly, functions which exist in the interpreter

primarily to improve the readability and convenience of Lisp , “oh as

the conditionals IF, UI~TLESS, ITE , AND , and O~ —— are all chan~ec1 to a

single conditional function : COND. Some functions which take a variable

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -~~—~~~ -~~~ .-~~~~~—
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number of arguments are changed to standard formats for ease of later

transformations. The function “ +“ for example , Is defined to take zero

or more arguments; with no arguments it is equivalent to 0, with one

argument it is a no—op, with three arguments it is equivalent to:

(+ a b c) <—> (+ (+ a b) c)

and so on. After applying all the “uniformity transformations” all

occurrences of the “ +“ function have two arguments —— this makes it

easier to apply later arithmetic optimizations (such as: adding 0 is a

no—op , and adding 1 can be replaced by the function “1+”).

The problem of deciding on a standard form for programs is not a

trivial one , of course. Even within the transformation system , I have

found it expedient to be able to change the form of a given program

construct back and forth several times. For example, it is usually

easier to attempt to split a function into two functions (for the

purpose of n~ ving conditional tests out of a “loop ”) when the function

is stated in a recursive fashion. Yet if the program is going through a

second “major cycle” of transformat ions, it may have already been

changed by the system to iterative form. Thus the ability to “go either

direction” is valuable. As the system is now, only the simplest pattern

pairs can be used in either direction , so complicated patterns have a

separately written inversion pattern if it has been found useful.

Inverses for many of the “un iformity transformations ” are available for

another reason: to make the modified program as readable as possible

when it is finally output.
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Static optimization of conditionals and logical testing is

organized into several transformation sets. These rearrange conditional

expressions to minimize NOTs and the number of function calls arising

from embedded conditionals. Most of the system is organized around the

Interpreter , and optimizes for it , thus some op t im izat ions are nerformed

on conditional expressions that would not make any difference to a. Lisp

compiler. For example , on the PDP—1O , every conditional jump or skip —

instruction is available in both complemented and uncomplemented form

(i.e. if there is a “skip if x is t~reater than zero” instruction , there

is an equally fast “skip is x Is less than or equal to zero” instruction

also) , thus a single NOT normally has no cost as far as conditional

testing goes . But in the interpreter , NOT is a function like any other , I -

~

and removing a NOT by rearrangement is an impr ovement.

The system also does some optim ization of embedded ANDs and ORs , I -

although it avoids rearrangements that woul~1 result in duplicates of

code fragments. Complete simplification of logical expressions is a

very complex and costly process (the problem is NP—complete: (Hoocroft))

—— fortunately, few real programs use lo~Ical expressions that arc

deeply embedded , and a reasonable job can he done with just a few sets

of patterns.

The conditional transformations also attempt to eliminate all the

cases of useless and redundant Pesting —— ilIce testIng somethinc~ which

is always true or always false , and ~~~~~~~~ the same variable twice when

there were no intervening ehan~es to it. These ‘~ridic’ilous’ 

____________-
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optimizations should be rare in an original program , but they arise

quite frequently due to other transformations, especially when a

function call, is replaced by the appropriately instantiated function

definition (essentially, making a function into a macro).

Another area of improvement , which can be a large one for typical

Lisp programs, Is recursive to iterative transformation. This is the

process of changing a function that calls itself into a function which

uses a loop to perform - an equivalent computation . This eliminates the

stack manipulation overhead necessary to perform a recursive function

call. The library contains a fair number of pattern pairs which carry

out recursive to iterative transformation, along with some strategies

that attempt to force programs into a form where they will match. The

transformations were written to be as general as possible, and this

often leads to further optimization of ‘stupid” iterative constructs , as

will be seen in the examples of chapter III.

F A large set of pattern pairs are devoted to introducing more

efficient replacements for specific uses of’ general functions. Some

examples of inefficient usage which occur frecuently in real programs

are the use of ~~ where EQ is sufficient, ME MBER where MEMQ Is

sufficient, and (~ x 0) where (ZERO? x) would be better. These sorts of

transformation sets are useful by themselves as a quick way to update

old programs which were written before the Introduction of some new and

better function into the Interpreter. They can also be used to make

• writing a compiler for the language easier, since the compiler itself

- —
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would not have to bother with recognizing as ~any special cases for each

function (for example , the compiler would not have to worry about

recognizing the test for zero case when comniling the ~~= function

1. (which is usually a different and faster machine instruction), if a

program transformation “pre— pass” has already turned all those cases

into the function ZERO ?) .

Sane incorrect usage of functions can be quite difficult to

recognize . In looking at many Lisp programs , I have often seen the

function MAPCAR used where the function MAPC was really intended ,

probably because MAPCAR is a more mnemonic name. This is particularly

disastrous, because MAPCAR CONSes up a list of return values while MAPC

does not; if the lists being used are very lone this will lead to

freque nt time— consuming garbage collections. The pro hl€m Is how to

recogn ize that the program is only u sInc~ the HA?CA R for its effect  of

mapping a function down the list, and is not us ing the list of r eturned

values. If the use of MAPCAR is embedded inside many other functions

whioh pass on but do not really use the value it returns , this can be

diff icul t  to determine . t~s it stands nob ’, the system will only

recognize some of the cases where MAPCP.R can be replaced with MAPC.

However , it would be possible to find all the possible cases by simply

making the replacements one at a time and testing the program to see If

it still produced the same results.
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II.3.c Discussion of the Library Approach

As was mentioned earlier, the library of patterns , while the

simplest part of the transformation system in concept , has turned out to

be the most useful when applying the system to real, large programs. I

believe that one reason for this is that it is easy to try out new

ideas, Even when a pattern only serves the purpose of invoking much

more complicated programs (a “predicate” which attempts to determine

whether a program fragment is side—effect free, for example), it remains

useful as a structuring tool. Furthermore , the pattern matching

approach to program optimization seems to be much easier to extend to

new areas. To extend the system to handle a large number of arithmetic

simplifications only requires the addition of about 50 patterns to the

library , for example. To extend most compilers to handle the same

number of cases of arithmetic identities, compile time constants , and

arithmetic simplificatlons , would undoubtedly take longer and be a more

bug— prone process, because the optimizations have to be recognized and

carried out within an already complicated and “spread out” program.

There are limitations to the pattern matching method; one can not

reasonably expect to factor polynomials with a set of patterns , for

example. (Even In this extreme case, it may still be useful to invoke a

polynomial factoring program from within a pattern , so that where and

when it ii invoked may be controlled by the olacement of the pattern in

the library).

The statement of optImizations as pattern pairs makes those

________ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ — • — -•- ~~~~~~~~~~ -— — — • ~~~~~~~~~~~~~~~
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optimizations more readily available for other purposes. One can

imagine writing a program that would try to generalize the patterns , for

example. The patterns can themselves be treated as “ pro~ rams ’ —— and

possibly optimized by other sets of’ natterns. Another possibility would

be to try and verify the correctness of the pattern pairs (more about

that In the section on testing).

An important question about the method of patterns is flQw ,mar~ are

needed for a programming langua~e with many operators? The potential

problem is one of operator interdependence: if each new operator

interacts with all the previous optimization patterns then the total

number of patterns needed will have an exponential dependence on the

number of operators available. I believe that the picture is much

brighter than this in practice. If a particular language were extended

to handle sets , for example , the number of new opportunities for

optimization that arise are almost all concerned with the new operators

on sets —— there is very little overlap with for instance, arithmetic

operators, even though the sets may contain numbers. The system

currently has about 190 patterns in its static transformation library.

Most of these are listed in an informal working paper (flutter 77b). I

estimate that to provide “nearly complete” coverage of all the built—in

operators in the Lisp interpreter would require less than 500 patterns.

The effect of some simple pattern optimizatIons may someday be

arrived at with more general techniques of program transformaticn. In

(Wegbreit 76], an example of how the unnecessary CONSing Involved in the

--- — - - -~~~~~~- -- ~~~~~
-
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oode~ (APPEND (APPEND x y) z) can be eliminated by systematic rewriting

Is worked through by hand. The resulting specialized function gets rid

of the unnecessary consing, but is not very efficient itself: -
•

(DEF
(X Y Z)
(CON D ( ( NU LL X) (APPE ND Y z))

(7 (CONS (CAR x)
(F (CDR X) Y Z)))))

In contrast , by including the editor command list:

(Z (APPEND (APPEND ?A ?B) ?C)
(APPEND ?A (APPEND ?B ?C ) ) )

in the library , the example would have been translated Into

(APPEN D x (APPEND y z ) )  with much less effort . Of course , the oroblem

is that somehow that pattern pair must get into the library in the first

place. P~v feeling is that the number of patterns is such tha t it is ,~~~~~~~

too difficult for a programmer to think up and enter most of them

whenever adding new operators to a language , but clearly it would be

beneficial to automate this process. The fact that APPEND is

associative is one of the theorems proved by the system of Boyer and

Moore ( Boyer] (also see (Moore) for extensions to this system ) , using

only the definition of APPEND —— so it is definitely possible than an

automatic transfo rmation system could derive this result directly in the

future , (I  must point out that this entire example is a bit contrived ,

since most real Lisp System s allow APPEND to have any number of

arguments in the first place) .

_______ - - 
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In conclusion , using a large , flexible , library of patterns is

probably the easiest and fastest way to build a system that does usefu l

source—to—source optimization of programs. The main advantages are a

- - . uniform representation for programming language snecific knowledge , and

the ease wi th which new transfor~atj ons can be added and experimented

with.

~~~~~ .— —~~~~~ -~~•~~~
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II.~ Static Call Tracer

This section briefly describes a program called “CALL — TRACER ” which

examines a program fragment and outputs a data base description of all

the symbols and functions which that fragment can possibly reach when

executed , The data base is used by other programs to determine useful

properties about the program fragment. For example, some of the

patterns in the library use the function NO—SIDE—EFFECTS to determine

whether the program fragment being matched is free from side—effects . - •

This implies that the fragment does not set any non—local variables and

does not call any side—effect functions like RPLACA and RPLACD (which

destructively modify data structures). These properties and others can

be determined from the data output by the CALL—TRACER program .

II.~4.a Example of output

The function READC, which is part of the Lisp reader program to be

examined in chapter III, has the following definition:

(DE READC
NIL
(COND (CFL.AG (S CFLAG NIL))

(CHARLIST (S CHAR (CAR CHARLIST)) (NEXTD CHARLIST))
((WHILE (MEMQ (S CHAR

(COND (DTYI? (DTYI))
(READLI ST
(PROG 1 (CAR READLIST )

(NEXTD READLIST)))
((THROW READERROR

-. 
‘READLIST.ERROR))))

NULLS))))
CHA R )

~~~~~~
--

~~~~~~
- - — - -

~~~~~~~~ ~~~~~~~~~~~ :~ : 
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- 
~~~~~~~~~~~~~~~~~~~~~~~~ 

-



- —  - - - - ------~~~~ ~~~ — -

29

Li
If we were examining another part of the reader program where RFADC was

called , it would be useful to know something about wha t RFADC reouires

and does . The CALL—TRACER program , applied to the t~rogram fra~~ent:

“ (READC ) ” , would supply the following information in a form that could

be used by other programs :
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ATOMS—REFER ~NCED

(CFLAG NIL CHAR LIST DTYI? READLIST ~TULLS C}-LAB )

Functions—Referenced

SUBR~FUN CTIONS

(CAR MEMO OTYI )

FEXPR/NACRO—FUNCTIONS none

EX PR—FUNCT ION S

(READC )

FSUBR—FUNCTIONS

(COND S NEXTD WHILE FROG 1 THPOW QUOTE)

QUOTED—THINGS

(READLIST—ERROR)

CATCH — LABELS none

THROW—LA EELS

(READERROR )

LAMBDA — SYMBOLS none

READ—WHILE—BOUND none

SET—WHILE—BOUND none

Global Symbols

READ—WHILE—NOT—BOUND

(CFLAG CHARLIST DTYI? READLI ST NULLS CHAR )

SET—WHILE—NOT—BOUND

(CF LAG CHAR CHARLIS T READL I ST )

—
~ 
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In this case, we can use this information to detertnine , amon~ other

things , that the call to flEAD C has side—effects (since global variables

are set) , that no var iahl~ bindi ng can occur dur ir  execution (no

LAMBDA—SYMBOLS encountered ), that  there I~ ~ TH RO~T without an enclos ing

CA TCH , and that  no Fi~XP Rs or !‘~ACR O z are ca l le l .

Some of the information Is useful primarily wher’ used in comp ari son

to other ~f cal1_ traces .h For instance , by obtairiia~ a CALL—TPACE of’ two

program fragraents one can determine whether t~wy can b~ irtterchan~zed

(that is, if they co~imute). Sufficient conditions for com”~utativity are

that neither fr a~tmen t uses side effect  funetion~ , and nei ther sets a

global variable that the other re~~z or sets.

II.~ .b How it works

The call trac ing progra~i works on the internal represen~~ tion of’

the program being optimized . It gencrates its data base by traversirtr

the program fragnent given it as an argument in the sa~e order it would

be traversed if evaluated . All paths of the frarrmen t are traversed.

CALL—TRACE Imows about all the built—in functions which do not simply

evaluate all their arguments (i .e .  all ?SU BR S) . Thus , it knows the

order of evaluation and symbol binding in the argur ~ent st ructur e of

DOWHILE , f or example. Calls to functions are traced until they reach —

built— in functions or unti l  a function i.5 called reeursi~ el~’. When ~

call to a user—defined function is enccL’rt~ red , t he def init ion of tha t

• function is looked un and tracinr cor’t-Inuc~ in the b~ 1y of that

_  

4
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function. To determine if a symbol Is used locally or plohallv , a list - -

of the currently bound (local) variables is maintained during th~

tracing process that simulates the bindin g and unb in dinr rrocess tha t

the interpreter would do when evaluating the program fra~ ’ent.

II.~ê.c Discussion

CALL—TRACE is as close as anything in my system comes to what mi~ht

be termed “classical” data flow analysis (see, for example , [Allen 7f~)

or [Graham]). The reason I have not emphasized a more traditional

approach to the problems of common sub—exoression elimination , 1ive/de~d

analysis, and code motion is that the traditional aporoach is completely

stat ic —— it neither depends on or benefits from run n inm the oro~ ra-~

being op timized . Due to th is static analysis , the only ont i mi7at i on s

considered are always completely “safe.” Surely this is .ihat is wanted

in a production FORTRAN compiler . ~ut In a program tranrf’ormation

system designed to help a programmer explore all the ro~~ibilities ,

limiting changes to those wh ich are a priori safe for all  r ’rc ’r sms i~

much too restrictive. Consider the conditions for corntnii tativity stated - 
-

above . They are sufficient conditions , but they are also very o f ten

overly restrictive conditions. By eliminatinm out of h~ n~1 any code

f ragments which contain side—effect functions , we have unnecess~rilv

eliminated a large percentage of the constructs in most- real i~n~ u s

in nse today. In actuality , occurrences of a s ide—effect  func t i on  ( l~~~
RPLACA ) in either of the two t’ra ement s h~ i’~ considered for int~ rohan-~ 

-..
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I
probably does not make the interchange illegal . Often , the onl y way to

find out is too run the progra m , or ~~~~ runn ing the program .

As another example of the problems encountered when optimizing real

languages, consider a high~ievel language that allcws control of

interrupt condi t ions , like PL/1 . One oroblem here is that in performin~

any optimizing transformations that involve code motion , the locat ion of

interrupts (faults) may move with the code. For example , In the orogram

fragment:

1

DO I 1 TO N ;

2;

FOO = A (I ,X ) ;  ;-. 
-

- ‘ END;

the assignment of x to 2 could be moved out of the loop. However , if

anywhere in the context of this loop there is an ON condition :

ON OVERFLOW BEGIN;

X = O ;
0;

END;

then this optimization can not be done if only static information is

considered . If the loop were the only thing within the scope of the ON

conditIon (I.e. they were the only thin~’s in a block ) , then the

programmer’s intention Is clear and the assignment must rot be moved .

The more usual case is for an ON condition to encompass a large body of’

—- —— -_ _ _ _ _ _  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - ~~~~~~~~~~~ 
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program text ; the code motion transformation may ~zork for some i.oops and

not for others, The problem of’ safe optimization in langua r.es like i~L/1

is discussed in [Earnest] —— but in a tra dit ional comoiler , the ‘lec isior.

has always been made on the safe side , thus  e l im i n a t I n ~ -‘~any

possibilities for optimization .

There is an alternative to overly restrictive preconditions on

transformations —— program testing. Throughout my t r an sfo rmat ion

system , I have taken the attitude that all t ransformat ion s  shoul-1 be

reasonable, but the list of transformations should not be limited f c

those that will always be correct. This at t i tud e  is str or -~].y at o’J~~

with some others in the opt imizat ion f i eld , who insist on :~~ “‘~ fornal

approaches (e.g. [Gerhart] or [Sasiet]). I believe however , that my way

is close to how human programmers optimize programs. In addition , t~e

combination of program testinc~ and remaining within the sourc’~ l - ~’~~-~-~

(the programm er or automatic proof system can unders tand th e  ot’t~~1 as

ea sily as the input )  makes this flexible approach to cpt-imi7att~n quite

justifiable. (This subject is further discussed in the sect-ion on

program testing , and in the conclusion) .

~~~~~ 

. 
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115 Dyn amic Analysis Tools

This section describes several tools which are used by the system

( and independently) to discover the dynamic properties of programs. ~
y

dyn amic properties , I mean those which can only be observed by running

(or simulating) the program on some example data. Tycically these

properties are various statistics about the decision points in the

program, but they can be much more sophisticated (obtained , for examole ,

by looking for patterns in a computational history of the program ’s

execution) .

Optimizing programs to take advantage of their actual usage

patterns is a new area for automatic optImizers , even though simpler

aspects of it are relatively obvious. The system of Low [Low], which

attempts to automatically select the best underlying representation of

sets for particular set manipulation promrams , allows some feedback from

actual runs of the program , for example . An extension of this work to a

system which automatically chooses representations for associative data

structures [Low & Rovner) , also uses feedback from running t.he program

(via statement coun ters) .

Knowing something about the actual running characteristics of a

program can provide valuable information to other parts of a

transformation system . For example , in optimizing very larc!e programs

the transformation process may take lonp ’er than one is willing to wait.

In these cases , a good anproxi ’nat ion to the speedup afforded by

— ~~
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examining the whole program can usually be had by only looking at those

parts of the program where most of the time is spent in a typical run.

Since virtually all programs in my experience do follow the “90— 10” rule

(90% of the time is spent in 10% of the code) , this can lead to large

speedups in transformation time .

II.5.a Interpreters and Evalhook

Granted that obtaining some dynamic information about the pro~ram

is desirable , the problem becomes one of how best to do it. Rou~h

measures of the relative amount of time spent in various parts of’ a

program can be made in a variety of ways . Perhaps the simplest “ add— on ”

technique for many compiled languages is that of inserting statement

counters . This normally amounts to having the compiler (or a

preprocessor) add statements to the program which Increment an element

of an array when they are executed ; these are inserted either before

every line in the program or at the beginning of each function or

proCedure definition. At the end of a run of’ the progra m the array of’

counters can be used to print out histograms , or an augmented list Ino of

the program with each statement preceded by the number (or percent) of

times it wa s executed .

Another method for obtaining frequency distributions is to use

hardware monitors . In this technique , the physical machIne It self is

monitored while it is executing the program being lnvest ip ’ated .

Usually, full monitoring is diff icul t , since access to Internal oaths of

- ~r: ~r r~fj ~: 
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the machine is usually limited for practical reasons. However , a

satisfactory job of monitoring can be done by using a real time clock to

interrupt the program at frequent intervals. Within the interrupt

service routine for the cloc k , one can look at a “snapshot” of the

program ’s execution —— normally the current value of the program counter

is of most interest . After a run , the symbol table and load map of’ the

orogram can be used along with the frequency di str ibut ion of the program

counter to produce a rough table showing the nercentage of time spent

“in the vicinity of” the symbols (pre’~umably labels arid procedure names)

of the program.

While these methods for obtaining dynamic information about

program s is useful, they have obvious limitations and drawbacks. If riot

used carefully, they may also be misleading. In the counter—per—line

method for example , the freouency court obtained does not distinruish

between lines in the program which add one to something and those which

may cal l very expensive buil t—in functions (or worse , hidden run—t ime

da ta conversion routines) —— it is un to the user to determine cost

I 
f unctions . Similarly, the real time clock metho d may be misleading when

used with an optimizing compiler which can rearrange code sequences .

The real problem with these methods is that they do not eas i ly

extend to more complicated monitoring tasks. For exanple , one can no t

easily obtain the number of tines ‘ + “ was called w i th  ore of i ts

pr~ uments zero , or what other conditions were true whe n a r ia r t lct ’lar

monitored condition was t rue.  All  of’ these cuest ions be~o’nc easier to

answe r if’ the language we are dea ling wi th c~n he interpreted .

- - - --- -- _ _ __ . _ __  
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Even within an interpreted language like Lisp, there are still

several choices to be made about how best to implement monitoring tools.

One traditional approach has been to build a TRACE facIlity. The basic

idea here is to redefine the function of interest so that  before arid

after the old definition is executed we can insert additional code to

keep counters , check conditions , or do whatever Is desired . This can be

a powerful method , and since we are interpreting the language , even

buil t— in functions like “+“ can be traced . There are some difficulties

with the tracing method , however . Since the functions being traced are

modified , there are problems of unwanted interactions with other parts

of the transformatIon system . First , tracing buil t — in functions that

are used within the transformation system itself will lead to confusion

and unnecessary overhead . Second , si nce tracing modifies the source

text of the progra m being optimized , it will have to be “un—traced”

before any pattern matching is attempted .

A nother approach to providing a flexible monitoring tool is to

“write your own interpreter .” Since the Lisp interpreter is written in

assembly language , the purpose of this method is to allow better access

to the interpretation process . Because an interpreter for a subset of

Lisp can be written in a page or two of Lisp code , this approach does

seem appeali ng at first . The catch lies in the word ‘ subse t” —— to

interpret the same language as the real assembly language interpreter

- - 

requires a much larger and more d i f f icul t  program. The proble m comes

- I from the number of bu i l t—tn FSLJPR s ( FSUI3Rs do not necessarily evaluate 
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all their arguments , and are used primarily to implement the control

structures of the language) . The - interpreter simulator” must have the

same definit ion for all the bui l t—in FSL 1E~s if the entire langua~ c is to

be handled correctly by the transformation system . ~Jot only is this a

duplication of’ the efforts of whoever wrote the original thterpreter,

but it can never be a complete model of a real prograr~minz system since

there will always be some functions wh ich are inherently built—In (e.g.

psuedo functions which do I/O , communicate with the operatinm system ,

and do internal housekeeping like memory allocation and garbage

collect ion) .

An attractive alternative to the methods discussed is to make a

small modification to the assembly language interpreter which allows

most of’ the benefits of the simulated intert reter method , but without

its costs of duplication of effort and decreased execution speed . The

trick is to implement a form of software interruot which , when enabled ,

occurs at the beginning of each call to the internal definition of EVAL.

(This feature is also available in the MaoLisr’ system [Moon], although

the internal implementation is a bit different.) To enable the

interrupt during the evaluation of’ a form , one calls the HOOKWITP

function . HOOKWITH has two arguments , the f irst is the na me of the

interrupt function (which must have one argument) ,  and the second is the
- I form to be evaluated . HOOKWITH operates by modifyinm the internal entry

point of the EVAL function in the lnternreter so that- the next cell to

EVAL will call the interrupt function with the argument to FVAL passed

I 
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as an argument to the interrupt function (the interrupt function Itself

must be evaluated with the interrupt off, of course). HOOKWITH then

calls the newly modified EViL to evaluate the form . The value returned

by the interrupt function is used as the value of the call to eval . A

complication arises because of the desire to ‘hook” all lower calls to

EVAL that might be made while evaluating a given form . We can ’t simply

use EVAL. since the interrupt isn ’t enabled inside the interrupt

function. Using HOOKWITH to evaluate the form won ’t work , due to

infinite recursion. The solution is via another special built—In

function: EVALHOOK . EVALHOOK takes one argument , and returns what FVAL

of that argument would . However, EVALHOOK re—installs the current

interrupt function into EVAL first, and then calls EViL with the one

argument in such a way that it bypasses the interrupt for the first call

only —— subsequent calls to EViL cause the interrupt , so that no calls

are missed.

One advantage of this method is that we now no longer need to know

the argument format and evaluation scheme of built—in functions. Built—

in functions like DOWHILE need not be duplicated or fully understood by

the monitoring system -— the normal assembly language definition in the

interpreter is used , but every call to EViL made from that assembly

language code is now caught by the eval—iriterrupt which can do any

arbitrary processing necessary to maintain counters , evaluate

conditions, or record histories.

I
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II.5.b COUNTCM..LS

One program which uses the eval—interrupt mechanism is the

COUNTCALLS program, which provides a uniform way to estimate the

execution time of a program on specific data. COUNTCALLS evaluates a

form with an eval—interrupt function which keeps counts of how many

times atoms are evaluated , and how many times each function used in the

form is evaluated. When used to compare the effectiveness of

transformations to a program, the data output by COUNTCALLS gives a -:

auick account of any changes. When used in conjunction with a table of

the costs of each operation, COUNTCALLS gives an estimate of the

execution time of the program. By varying the table of costs to

represent the cost of operations and functions on different machines or

under different evaluation strategies (e.g. interpretation vs.

compilation) COUNTCALLS can be used to predict the effectiveness of

different approaches.

There are some small problems with COUNTCALLS if extremely exact

time estimates are needed . Again they arise from built—in functions.

The problem is that the execution time of some built—in functions is

data dependent. The function LENGTH for example , has a fixed overhead

cost plus a variable cost based , obviously, on what the length turns out

to be. Since the eval—interrupt function has access to both the form

being evaluated and the eventual answer , it is easy to incorporate more

accurate cost formulas into COUNTCALLS for those functions which have a

variable factor. (An alternative for many functions like LENGTH is to
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I

redefine them as interpretive functions which only call constant cost

built—in functions) . In the transformation sy stem as it now exists ,

these variable cost factors are not imp lemented .

The eval—interrupt function for COUNTCALLS is not very complicated .

When it is called , it determines the type of the form being passed to

EViL and increments the appropriate counter. If the form is a function

call , the counter for that function is incremented . As an interesting

side note , the function counters are implemented with an association

list —~~ the original implementation was with a hash table , but the

association list method is faster if the list is occasionally sorted to

bring the most used functions to the front. The association list turns

out to be faster even with over a hundred funct ion s in the list , because

only a handful of functions account for most of the function calls in

evaluating a program .

A n example of the return value of CO(JNTCALLS when it is monitoring

a merge sorting program is given below.

-

~
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((FO RM (SORT ‘( 1  2 3 14 5 5 14 3 2 1) ‘>))
(RETURN—VALUE (5 5 14 14 3 3 2 2 1 1) )
(SYMBOL—COUNT 351)
(FIXNUM—COUNT 0)
(F LONUM —CO UNT 0)
(FUNcT ION—CouNT 331)
(#FUNCT ION S—C ALLED 114)
(FUNCTIONS ((CDR 99) (CAR 142)

(RPLACD ~40 )
(ITE 28)
(FUNEVAL 21)
(5 20)
(MSORT 19)
(Dw 18)
(IF 13)
(PROG 1 10)
(MERGE 9)
(CDDR 9)
(QUOTE 2) -

(SORT 1) ) ) )

The outpu t shows that in evaluating the given form there were 351

accesses to symbols , no accesses to numbers , and 337 function calls to a

total of’ 114 different functions. From the counts for specific

funct ions , it is easy to determine that over half the function calls are

to just -3 functions: CDR , CAR , and RPLACD .

II.5.c ECT and Augmented Function Definitions

While the COUNTCALLS program gives good information about the

overall execution costs and requirements of a program , it is desirable

to have a more detailed record of execution frequencies. If a function

is called in two different places in the pro~ram being monitored , then

the info rmation from COUNTCALL S does not allow one to semarate out the 

- - — -- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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L
number of times each occurrence was executed . What is needed is some

method of’ associating with each code framment in the program the number

of time s that it was executed. Within the transformation system there

is a program called ECT (fo r BUILD—CALL—TABLE ) , whi ch builds a data

structure that allows one to do exactly that .

BCT uses the eval—thte rrupt feature of the interpreter to rather

the information needed while the program is being run. Every time EVAL

is called during the execution of the program , the ECT interrupt

function looks up the form being massed to EViL in a hash table. If it

is not there , it adds it to the table , initializing an associated count

to 1. If it is there, the count is incremented . Occurrences of the

same function call in different places in the program are kept separate

by hashing on EQ instead of EQUAL. This is slightly hackish, hut works

fine with this Lisp system because function definitions are never moved

around in memory (non—compacting garha~e collector) —— so hashing on the

numerical value of a pointer is safe .

At the end of running the pro~rae, the hash table can he used by

other programs to generate other data structures or answer questions

about the program ’s execution . One set of optimizing transformations

which I~ facilitated by using BCT is that of rearran~ing the order of

conditional tests. In the simplest case , this amounts to noticing that 
-

in an expression like :

_____--
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(Ofi a b c d )

where expressions a , b , c , and d are all side—effect  free and have the

same execution cost —— the tests should he reordered so that the one

most likely to be true is tested first (remember , the Lisa OR evaluates

left to rizht just until it finds a true i tem) .

To facilitate optim izat ion of , conditional tests of all kinds , it

was found desirable to have ECT r~’~- a slightly modified version of the

program. This was due to a desire to easily calculate the percentage of

time a test in a conditional statement is true . A problem arises

because BCT does not keep track of references to atoms (it can ’t, since

all symbols in Lisp are “in terned , ” and if a symbol occurred in twc

different places in the program it would hash to the same location), and

because the conditional statement may be degenerate (nothin~ followi ng

the test) .  To get around these prohler~is , BCT uses the editor to

introduce enclosing dumm y function calls at those points in the program

which would otherwise be ambiguous . Since at this point the program has

already been transformed into the standard format , the only nlaces that

have to be changed are in the test position of the “ arms ” of COND , and

in the arms of the SELECT function (case statement).

The hash table built by BCT can be used by other proc~raos in a

variety of ways. It can be used directly by patterns that are stored in

the library , for example. Things which are of particular interest to

look for are conditional predicates which are always true or always

false, and code wh ich is never executed . Potentially interestin~ is a

___________________________ -~ -~~~ --~~~~~ - -~~~~~~ “ ~~~
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predicate in a compound conditional which evaluated to true only once

during the run (when the ent ire con di t ional was evaluate d man y t~~es) ——
this predicate is a prime candidate to try to move “ out of the icop ”

since it probably deals with a startirv~ or ending condition whIc h ~‘ay

not have to be tested every time.

Many of these cases become clearer if one deals with ar ~~~~~~~~

function definition instead of the ori.’~inal definition arid a sc-narate

hash table of counts. A orogram ie avai lab le to gen erate these

augm ented definitions from the original .  It works by t-raversinr the

original function definition to make a co~v of it —— hut ~u
’ostituti o-~ ~

fo rm prefaced by a number or pair of num b ers for those forms t hat  are in

the hash table. A single number precedes most forms —— it is thE’ number

of times that form was executed . A pair of numbers preced es those forms

which are used as predicates in conditional state~’ents (those ~Thi~h were

enclosed in a special dummy function before the riro~rai was run by 
~CT)

—— the first of the oair is the number of executions , the second i~ the

number of times that form evaluated to non— !~’IL (i.e . tru e”). The

dumm y function is removed from the augmented copy . The sre~~ai .1~mmv

functions inserted in the arms of the SELECT function are rep1~ced by a

number which is the number of tines that. arm of the ~~LtCT wa~ taken .

The augmented function definition retains the sa~ie tree structure

as the original , so It is easy to apoly patterns from the library in the

same fashion as usual. If the augmented defirition fr to be crinted out

for the mro~rammer to lno’ at , it I~ a good idea to use t h e  ‘reversal

- - - - - - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~ ~~~~~~~~
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patterns” in the library to make the program as readable as possible.

Of particular importance to readability is the reversal of AND and OR

conditional statements.

An imaginary function FOO and an augmented function definition for

it are shown below.

~r.igi.n.a1~ ~~fi nitiQfl,

(DE FOO
(x Y)
(cOND ((> X 2.) (BAR))

((< X —3.) (Z 0T))
(( OR ( GOO Y ) (G002 Y ) )  (BA ? ))
(T (SELECT Y

(HAT (5 1))
(G LOVES (52))
(SHOES (S3))
(OTHERWIS~ ) ) ) ) )

AuRlnented Dat inition

(DE FOO
(x Y )
(100. (COND ((( 100 . 20. ) (> X 2 . ) )  (20 . (BAR)))

(((80. ‘10.) (< X — 3 . ) )  (110. (zOT)))
((140. (OR ((140. 5.) (GOO Y)) ((35 . 15.) (G0O2 Y ) ) ) )
(20. (BAZ)))
(T (20. (SELFCT Y

(HAT ‘1. (Si))
(GLOV ES 10. ( S2 ) )
(sHOES 2. (S3))
(‘I. (OTHERWISE))))))))

From the augmented definition it is easy to see how to reorder the

conditional tests and the elements of the SELFCT function to take

, - - - - -
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advantage of the statistical distributions in the data . Naturally,  it

Ia importan t to choose “typical” data to run the program on when making

these sorts of optitnizations. In more complex programs, the problem of

reordering tests is further complicated by the occurrence of side..

effects in the tests (inhibiting any rearrangement) and the differing

execution costs of tests (so that cost times frequency must be used to

determine total cost , rather than just frequency) .  

~~~~~~~~~~~~
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11.6 Program Testi.ng

- ) Another tool which relies on the ability of the system to run the

program is the program tester. Program testing is used by the system to

I give some assurance that the transformed program iives the same answers

as the original program. I am well aware of the heated battle between

those who favor program testing and those who insist on program proving .

I It is the intent of this section to explain why I believe oro~ram

- 
testing must be used for practical ~rorrcms ~r1tten In real lan~’ua~ s~ .

II.6.a Program Proving

The oroblem with proofs is not that they are ir.herentl.v bad , but

-L rather how to obtain usefu l ~roofs for real nromrams . Part of the

-

‘ 
di f f iculty is that theorem nroq1r-~ 1~ dif ricult ~ctivitv ~‘or both man

and machine. A more serious limitation arises in the reouirement of

~1- most proof aoproache s for programmer produced assertions —- •iust the

function definition Is not enough . A program ‘ proof’~ then attemuts to

LI show that the progra m satisfies it s  a~ sert ians. There are two problems

- -  here . The first is that to be usefu l ~nd safe, the assertions mu st be
- free of bugs —— presumably what we want to prove about the program

itself. In a large program , the ~ener~tion of the-sc assertions can be

- very di fficult  and burden some ( there has beer work on eut omatin e sorne of

the assertion ~eneratthn process —— ~eo for exannlô , f~-~emhreit 714 ] or

(Ka tz ] ) .  The second problem is that we very often do not know exactly 

~~ -~~~— . --~~~~- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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what it is we want to prove about some aspect of the program , or how to

state it as an assertion if we do know. This results in simply leaving

out assertions about many parts of a large program. This problem is a

fundamental difficulty with proofs of correctness. The assertions

needed wi th a program typically involve some sort of description of the

“input/output constraints” of the program. Consider the difficulty

( Impossibility) of specifying the input/output constraints for programs

like compilers or operating systems. The likelihood of making an error

(especially an error of omission) in specifying these constraints in

terms of a formal assertion language is as least as great as that of the

program itself containing an error.

If the current outlook for programming proving is so bleak, what is

the alternative? Unfortunately, there is no alternative to a formal

proof if correctness is what we must have. I suggest however , that

people have gotten along remarkably well with “incorrect programs” for

some time now, and promise to do so in the future. This is not intended

to be a flippant remark —— it may well be that correctness proofs of

large programs will always remain beyond our practical, time—bounded

reach, and we will have to be satisfied with programs that are “almost

certainly” correct. I believe there is an interesting parallel here

with the technique of showing that very large numbers are “probably

prime.” For an interesting discussion of whether this is an acceptable

mathemat ical notion , see (Rabin], for a discussion of similar problems

with good but not perfect solutions, see (Knuth 76].

- -
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Within the transformation system , I have accepted the techniciue of

.~~~ ramn,er—aided ~~~~~~ testina as the method of assuring that the

transformations made are “correct.” Easically , the pro~rarr..ier must

supply a set of example inputs along with the prograo. The testing

system can then insure that any transformed versions of the program give

the same results as the original rogram . Of course, there is a great

deal of room for error here. It is up to the programmer to select a set

of examples which will exercise all the important features of the

program —— this is once again a very d i f f i cu l t  or imposs ible task for

large programs. Nonetheless, experience leads me to believe that 95~

testing is better than 95% provIng. I am not alone in this belief ——
for an excellent discussion of testing, including several examples of

published , “proved” programs which unfortunately contain bugs, see

IGoodennugh ] . I did not have the time to incor porate automat ic aid s to

the generation of test data into the system , but some aids woul d be

relatively easy to add . One aid is to allow £çner~~ r. fl!nctions in tho

specification of example inputs. Thus the programmer might specify that

an argument to a function takes a list as an argument , and give a

generator function for typical elements. This system could then

automatically test the function for the most obvious “ special cases ’~ of

lists: the empty list, list of one element , list of even length , list

of odd length, and “long” list. Similarly, if a function takes a

numerical argument , the system could “enerate test cases that would

Inc lude: zero , plus and minus one , and the lar~’est and srrallest numbers
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- . 
representable on the machine. More sophisticated automatic generation

of test data can be ~~ne by looking at the control structures in the

program , and attempting to generate data which will exercise all the

paths. This approach to program testing is further discussed in

(Huang).

There are also several practical problems involved with testing a

program, One difficulty is with deciding if two versions of’ a program

really do do the same thing. With a simple function that just returns

some computed value this is easy: just compare the returned values.

With more complex programs, there will probably be global side—effects

either in the form of setting global variables, modifying global data

-t structures , or doing I/O. The problem can be very complicated : if one

version of the program writes to files in a different order than the

other version, but at the end the two files have the same contents, do

the two programs do the same thing? Also confusing the issue is that

many practical programs have “unused” side—effects (or return values) ——
it may be of no importance what is in a “temporary” file or internal

data structure at the end of execution .

I have tried to point out some of the problems with the proof

approach and with the testing approach to program correctness. ~y

belief is that testing is the more fruitful approach. The system that

is actually built uses testing, but my programming effort in the system

has been elsewhere, so many of the problems are currently “left to the

user.” This is unfortunate, but has not proved an impedimen t to the

- —- — ---“ - - ---- --~ —~~~~~~~~~~ -- =- -~~~~~ - -- —- - -~~~~~~~~~ —- -— -~~ -~~~~~~~ ---
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actual use of the syste~n , which is high ly interactive. Once again ,

manipulating the program ~j .ithin .th~. ~~~~~ Ia~~ua~e means that the

programmer can understand the results of a transformation , and intercede

in the optimization Drocess if necessary.

For further discussion of the controversy surrounding the proof vs.

testing debate , see (Tanenbaum], which also includes a bibliography of

program testing.

II.6.b Correct vs. Likely Ontimizations

In constructing an optimizing compiler , the attempt is to only

perform optimizatioris that are guaranteed to be safe. In constr-uctin~

this transformation system, I have explicitly tried to default “the

other way ” to allow the system to exnlore many more possibilities. In

real languages running on real ~iechines , there are surprisingly few

transformations which can be guaranteed correct under all circumstances.

The purpose of testing is to limit the use of transformations which have

a good chance of working to those instances where they actually do work.

Even some very simple “optimizations” do not actually work in all

cases. Consider for example the transformation :

(NOT (NOT ?x)) --> ?x

This is “correct” in Lisp only if the expression ?x can only take on the

values “T” and NIL —— In general the expression will be either ~1IL or

non—NIL , and the value of the expression m ay be used in athiition to

~  

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ t~~~~~1
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being tested in a conditional expression. This is an example of a

transformation which is “usually” correct and certainly we would want to

carry it out if possible. The method used in the system is to carry it

out, but back it up with testing and , if necessary, interactive

questioning of the user (recall that a pattern in the library may call

upon the programmer for a decision). One alternative to this approach

is to ignore the possibility that the return value of the expression is

being used (this transformation appears without comment in [Irvine), for

example). Another possibility would be to attempt a much more complete

static analysis of the values ?x can take on and the use of the value of

the expression in the rest of the program. This can be very difficult ,

and is still subject to the pitfalls of the system not really knowing

what is important (as previously mentioned , even global side—effects may

not be of interest to the goals of the programmer).

As another example of an optimization that isn’t always correct

consider the transformation:

(CAR (CONS ?a ?b)) —— > ?a

This is used in (Wegbreit 76] for example , and in his idealized Lisp

where no side—effects are possible, it is correct. But in real Lisp,

the expression ?b may have side effects, and can not be eliminated out

of hand. To save doing the CONS, one could first use the

transformation:

____________ ~~~~
- --- - - - - - -- - - - - - - - - - - -
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(CAR (CONS ?a ?b)) ——> (PRO(3 1 ?a ?b)

and perhaps later eliminate ?b (and the then_useless PROG1). The

problem of determining side—effects in a real Interactive langua~ e can

be very insidious. Using the static call tracer discussed earlier , one

could determine whether any global variables are set and whether any

side—effect functions are called , hut there is a complication . In Lisp - -

it is sometimes a useful thing to be able to “CONS up” a program on the

fly and then execute it by calling EVIL . Clearly the consed—up program

could have side—effects , so taunt we also include EVIL as a side—effect

function? To be absolutely safe we must , but if’ we do we el iminate even

more possibilities for optimization from consideration . The cuestion of : -

determining whether a ~~icuiar call to EVIL has side—effe cts is

imnossible to determine statically in the general case —— what we are

evaling mi~h t be something read in from a fi le , or even typed in from a

terminal. Again , we are faced with the question of no optimization

possibilities vs. optimization with the chance for error. To me , the

only reasonable decision is to optimize —— with testing and interaction

at the source language level the errors can be held to a minimum (the

probability that the original program is strictly error—free in the

first place is very, very small If the program is of any size anyway).

As a further example of optimizations which are done even though

they are not strictly correct , consider t-he operations or :~umber s. It

way be advanta~eous for a compiler to use the ~ssociativity of addition ,

for example:

~~~~~~~ —.---- —a- - — -----
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(+ ?a (+ ?b ?c)) < — — >  (+ (+ ?a ?b ) ?c) 
- 

-

While this is correct for small integers (where there are no overflow

possibilities), on real machines it Is not always correct for floating

point numbers. Adding a very small number to a very large number may

give the same very large number unchanged . But adding two very small

numbers together first before adding their sum to the large number may

affect the final sum. Without knowing the values that ?a ?b and ?c can

take on, one can not strictly use the above transformation —— yet most

high—level language compilers do so, and some computer architectures can

lead to the order of addition being indeterminate.

Yet another example of potential but unlikely trouble concerns

optimizations of the unary minus operation. The following

transformation is automatically applied by many compilers, for instance:

(— (— ?a)) —-- > ?a
0

This transformation can lead to different  performance of the pr ogram if

the machine it is running on uses a two’s complement representation for

integers. The problem is that the largest negative number ( —21’(n—l)

where n is the word length) has no corresponding nositive number . So if

?a evaluates to the largest negative number , the original program would

cause an arithmetic overflow exception while the “optimized ” program 
—

would not. Even the most proof oriented person would probably say that

this is being too picky about correctness, because the largest negative

number is so unlikely to occur —— and that in exactly my point. I
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believe that the correct approach in the future is to try out

• transformations which are much ~~~~~~~~~~ likely to be correct. Not only are

more instances of the transformations in the library found in the

program, but a “close match” of a transformation operation can be a very

important piece of information to a programmer (or in the future , a more

intelligent program) because it serves as a pointer to where to look in

the program for further optimization .

- As is clear from these examples , for the system to do a good and

-~ correct job of optimizing a program it must have more information to

work with than just the program source itself (this topic is also

discussed in [Newcomer pp. 23—27)). There are two good ways to get

additional information about the program : ask the programmer , or ask the

program ( i .e .  run i t) .  The programmer can be asked interactively by

the transformation syst em , or by requiring in the language design that

additional information about variables be given in declarat ions (the —

- language PASCAL is a step in this direction , allowi ng declaration of the

- - rarge of a variable). Running the program has the advantage of least

amount of work for the programmer, and also the system need not worry

- - about the programmer inadvertantly “lying” about something in a

- declaration. Presumably a mixture of the two methods is the best

- 
approach .
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III

EXAMPLES

The purpose of this chapter is to give a variety of examples of how

the transformation system works. Examples are divided into two classes:

those programs which are expressible as a single short function , and

those which are at least several pages long and contain many functions.

U -~
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111.1 Single Func tion Examolee

It might be thought that pro~raris which ccnsi!t only of a single

function could not be very interesting objects for optimization . ‘~ith

recursive Lisp functions, this is not the case. Not only can one try to

convert the function to a usually more ~ffioient iterative form , but one

may also be able to minimize certain tests for “edge—effects” that seem

to occur naturally from the manner in which recursive functions are

written , but which actually need not necessarily be tested for on each -

recursive call.

The examples in this section may be considered toc simple to be 
-

interesting , since they have largely been ‘~soived” in nos€ Lisp ~‘ys tems -

by being built—in to the - interpreter. I don ’t think that this is the -

case because slight variations on these functions occur in many 3

programs. Also , it is often of great importance to the overall

optimization process that the definitions of “compound~ built—in

operators be available to the transformation system. This is so because

many times a large part of optimization is soecialization of functions -

to the particular context in which they are used. An example of this

process is worked through by hand in [Loveman], where the multiplication

of two matrices is optimized —— in this case, if the optimizer could not -

breakdown the “access to array element” operator into the hidden —

multiply and add operations -- no optimization would be possible. -

• ~~~~~~~~~
—-— 
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III.1.a !•EMQ

As an example of fairly simple recursive to iterative

transformation, I will show the steps the system goes through when

processing the function MEMQ. MEMQ looks for an instance of an element

in a list, if it is in the list, the remainder of the list starting at

that element is returned , if the element is not in the list, NIL is

returned. The recursive form of MEMQ is very easy to write, and is

similar in outline to the functions ME MBER and ASSOC in Lisp, which

3 
would be optimized in the same fashion. The definition of MEMQ which —

most programmers would write is:

(DE MEMQ
(X L)• (COND ( ( NU LL L) NIL)

((EQ X (CAR L)) L)
(T (MEM Q x (CDR L)))))

This definition is first subjeøted to the “uniformity transformations,”

which replace NULL with NOT and “T” with “1” . Then attempts are made to

optimize the conditional statement in the definition , but in this case,

— - —

~

-—

~ 

nothing can be done. Recursive to iterative transformations are tried

next, and for this function , an~~xact i~at-eh —isiouiid in the library

which results in the following program:

(DE MEMQ
(X L)
(CATCH EXIT

(DU (CX X X) (L L (CDR L)))
((NOT L) ~TIL)
(IF (EQ X (CAR I.))

( THROW EXIT L ) ) ) ) )

~~~ ~~~~~~~~~~~~~~~~~~
- - 

- -  
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At this point another major cycle through the system is started .

Now the patterns in the library relating to the optimization of do—loops

can be tried , and the useless reassignment of x to itself on every pass

through the loop can be removed :

(DE MEMQ
(X L)
( CATCH EXIT

(DU ( (L  L (CDR L ) ) )
((NOT L) t~IL)
(IF (EQ X (CAR L))

(THROW EXIT L ) ) ) ) )

Since there are two versions of do—loops , DOWHILE (abbreviated DW)

and DOUNTI L (abbreviated DU ) ,  it is possible to remove the instance of

the NOT function , and also the terminal evaluation of NIL. The

resulting program is:

(DE MEMQ
(x L)
(CATCH EXI T

(DW ( ( L  L (CDR L ) ) )
(L)
(IF (E Q X ( CAR L ) )

(THROW EXIT L ) ) ) ) )

This is the final form of the function , and it runs considerably

- —-------_—-_ -J’a~ter than the original form , as can be determined by running the

program against the clock or by us1n~~t~ë cO~NT AL-~S—me an1~m._ T h~ -

important thing is that the function is now an iterative one, which

means that it will be faster (both interpreted and compiled) because

there is no overhead in performing stack operations , and —— oerha ps even 

~~~~~~~~~~~~~ ~~~~~ --—— ~~~~~~-•_t_ __. ~~~~~~~ 
~~~~~~~~~
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more important for this particular function —— there need be no worry

about stack overflow when using MEMQ on long lists.

The actual return value of COUNTCALLS when the first and last

versions of MEMQ are applied to example arguments are shown below:

Original J2.g.fi.niti.Qn

((FORM (M EMQ ‘X ‘(A B C D E F G H I J X z )))
(R ETURN —V ALUE (X Z ) )
(SYMBOL.-COUNT 61~.)
(F IXNUM —C OUNT 0 .)
(FLONUM—COUNT 0.)
(FUNCTION—COUNT 67.)
(#FUNCTIONS—CALLED 7.)
( FUNC TIONS (( COND . 11.)

(EQ . 11.)
(MEMQ . ii.)
(CAR . 11.)
(NULL . ii.)
(CDR . 10.)
(QUOTE . 2.))))

Final Version

((FORM (MEMQ ‘x ‘(A B C D E F G H I J X z)))
(R ETURN —V ALUE (X Z))
(SYMBOL—COUNT ~I5.)
(FIXNUM—COUNT 0.)
(FL.ONUM—COUNT 0.)
(FUNCTION—COUNT ~9 .)
(#FUNCTIONS—CALLED 9.)
(FUNCTIONS ((IF . 11.) (CAR . 11.)

(EQ . 11.)
(CDR . 10.)
( QUOTE . 2.)
(DW . 1.)

(THROW . 1.)
(MEMO . 1.))))

- - - -~~- - - — — -~~-
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III.1.b FACTORIAL

It is hard to resist transforming what is nerhaps the most overused

example of a recursively defined function : factorial. I start with the

most popular definition.

(DE FACT
(N)
(COND ( ( =  N 0.) 1.)

(T (* N (FACT (— N 1.))))))

The first step is to take full advantage of the built—in functions

available in the interpreter. The patterns that do this are some of the

easiest in the library, but I have found them quite useful in updating

old programs that were written for other Lisp systems or before the

functions were available. In the case of FACT , the available built—in

functions also make the definition smaller and more readable.

(DE FACT
(N)
(ITE (ZEROP N )

1.
C’ N (FACT (1— N)))))

The second major steo in transforming FACT is to try and make the

definition into an iterative one. This step is preceded by some

manipulations that put the conditional statements in the program into a

~~
-—- —--

~~~~~~
-_

~~~~~~~~~~
. standerd format , so the number of patterns dealing with recursive to

iterative transformation can be minimized . ~~~a W ~~~~~o d - -for—44CT,----- _

and the resulting definition is: 

~~~-- -—~~~~~ ---~~~~~~~~~~~~~~--------- - ~~~- - - - - - - - ------ - - -~ -• - -- ~~~~ -‘-
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(DE FACT
(N)
(DU ((N N (1— N)) (R 1. (* N B)))

((ZEROP N) B)))

This loop is certainly straightforward , and works perfectly well,

but it is important to realize that the transformation to this loop

depends on the cnultiply function ““ being associative (since in forming

the factorial, the numbers are multiplied together in a different order

in the iterative version than in the recursive version). Consequently,

part of the pattern in the library which carries out this transformation

has a restriction that the function in the position of “ in FACT must

be associative. Of course, the system does not know explicitly about

-

‘ 
the assootativity of every possible function. Consistent with the

philosophy of the entire system , if the associativity of the function in

question is unknown, the transformation is tried anyway —— later testing

will reject erroneous assumptions. Without this approach , the system

would miss many chances for improvement.

III .1.c LENG TH

As another example of recursive to iterative transformation , the

function LENGTH will be used. LENGTH is defined simply as follows: the

length of the empty list (i.e. NIL) is zero, the length of anything

longer is one plus the length of the CDR of the list. This description

translates directly into the following definition:

-
~~~~=—~~~~~~~

= 
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(DE LENGTH
CL)
(COND ( ( NU LL L) 0 . )

(T (1+ (LENGTH (CDR L))))))

Optimization of this function precedes as for MEMO with uniformity

transforms followed by optimizations of conditional operations. In this

case a better conditional format is available , and the definition is

transformed to:

(DE LENGTH
(L)
(ITE L

(1+ (LENGTH (CDR L)))
0.))

Recursion removal is now attempted , and a match is found in the

library. Notice that in this case it is necessary to introduce an

auxiliary variable when transforming the definition to iterative form.

In general this will be necessary whenever the recursive call is

embedded inside another function. The final form is:

(DE LENGTH
(L)
(DW (CL L (CDB L)) (N 0. (1+ N)))

CL N)))

It is worth pointing out that this is actually what is produced by

the system, in particular the actual variable name introduced in this

case is “N” and not some random “00023” name. This system is able to do

this by checking to see that “N’° is not already used in the program ——

- --- - -  —-- -
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it has a list of likely—to—be—mnemonic names associated with the pattern

in the library and tries to use one of these before resorting to I
generated names. It is not much more effort to do this, and in a large

program one might otherwise end up with a bewildering variety of 
-

unfamiliar and totally meaningless names. -

III.1.d Ith 
-

The function Ith of two arguments finds the ith element in a list.

The recursive definition is trivially developed by thinking as follows. 
-

If the list is empty, return NIL. If the element wanted is the first -

one, return the first element —- otherwise return the ith— 1 element of —

CDR of the list. I

(DE ITH
(L I)
(COND ((NULL Li NIL)

((~ I 1.) (CAR L))(T (ITH (CDR L) (1— I)))))

This can be transformed into an iterative definition by the same

pattern pair used for MEMQ:

(DE ITH
CL I)
(CATCH EXIT

(DU (CL L (CDR Li)  (I I (1— I)))
((NOT L) NIL)
(IF (= I 1.)

(THRow EXIT (CAB L))))))

Unlike ?€MQ, in this case both variables are stepped for each pass 

- ~~
- -
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through the loop. The remaining simole transformation is to get rid of

the NOT by using DW instead of DO:

(DE ITH
CL I)
(CATCH EXIT

(DW ((L L (CDR L)) (I I (1— I)))
CL)
(IF (= I 1.)

(THROW EXIT (CAR L ) ) ) ) ) )

It would appear at first that no further optimizations could be

performed on this definition. There is however one further possibility

for a small improvement. Since I is just being counted down and not

being used elsewhere in the program , it is nossible to shift the range

of I so it -will terminate at zero instead of one. This will usually be

an improvement because testing for zero is often a special case machine

instruction. Even in the interpreter the function ZEROP is available ,

which is faster primarily because it has only one argument to evaluate

and the overhead of evaluating the constant “1” every time will be

eliminated . After performing the loop shifting operation the function

becomes:

(DE ITH
CL I)
(CATCH EXIT

(DW ( C L  L (CDR L)) (I (1— I) (1— I)))
CL )
(IF (ZEROP I)

( THROW EXIT ( CA P L ) ) ) ) ) )

Notice that an extra “1— ” operation is done initially now to make I

-. ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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start at the right value. If Ith is actually called with the first

argument equal to one 99% of the time , this extra operation will make

this last optimization ineffective or even of negative value. This is a

case where the system implicitly assumes that loops will normally

average more than one iteration. In a more “complete” transformation

system of the future, this implicit assumption could be rendered

harmless by testing the transformation for effectiveness by running the

entire program after every small change. Currently the system does not

attempt this.

III.1.e REVERSE

The function REVERSE of one argument returns a copy of the original

list with the top level elements in the reverse order. In this case a

good starting point is the two—function definition known to most Lisp

programmers (this is as it apoears in the Lisp 1.6 manua l tOuam] for 
- 

-
~

example):

(DE REVERSE
(L)
(REVERSE 1 L NIL ) )

(DE REVER SE1 ~ I
(L R)
(COND ((NULL L) R)

CT (REVERSE 1 (CDR L) (CONS (CAR L) B))))) - -

The first step in optimization is to get rid of the useless NOT in

REVERSE1. This transformation has been seen in the previous exanmies 

- -~~~~~——~~~~~~ —~~~~ ~~~ -- —---— - -- 
~~~~~~~~~~~~~~
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and may seem artificial — let me assure the reader that most people do

write it that way —— presumably because it is most natural to take care

of the easiest case first. Performing this transformation not only —

speeds up execution under the interpreter (and even with a dumb

compiler) , it may also increase the chances of finding a match with

other patterns in later stages.

(DE REVE RSE
(L )
(REVERSE1 L NIL))

(DE REVERSE 1
(L R)
CITE !..

(REVERSE 1 (CDR L) (CONS (CAR L) R))
- H ) )

At this point we can convert directly to the DW iterative form of

REVE R SE 1:

(DE REVERSE
CL) -

(REVERSE1 L NIL))

(DE- REVERSE1
(I.. B)
(DW ((L L (CDR L)) CR R (CONS (CAR Li B ) ) )

CL R ) ) )

Nothing more can be done to REVERSE1 itself, but a closer look at

what REVERSE itself does is now desirable. In the original definition

REVERSF~ served the useful purpose of “starting” REVERSE1 with the right

arguments —— the return list being built up in B has to start at NIL.

But now REVERSE 1 is no longer a recursive function and calls only built—

______1

~
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-

in functions. So it is possible to simply plug the definition of

REVERSE1 into REVERSE with the free occurrences of its parameters

replaced with actual arguments. In addition , the definition for

REVERSE 1 can now be removed from the program if ~t is not called from

any other functions. The final program Is:

(DE REVERSE
CL)
(Dw ( C L L (CDR L)) CR NIL (CONS (CAR L) R)))

CL B))) 
—

REVERSE has oft en been used as an example in Lisp oriented

transformation systems, and some further discussion is warranted .

First , there is another definition from which one might try to start

optimizing —~~ it is conceptually the simplest , but is very inefficient

since the APPEND function copies the first argument:

(DE REVERSE
(I..)
(COND ((NULL L) NIL)

CT (APPEND (REVERSE (CDR L))
(LIST (CAR L))))))

Starting with this definition (and the recursive definition of APPEND)

it is very difficult to come up with the final iterative version , and

the system presently can not do it. Due to the embedding of the

recursive call, to REVERSE inside the recursive APPEND function , it is

difficult even for a person to make a series of transformations that end

up with just one loop —— it is easier with an understanding of the

purpose of REVERSE to simply throw the definition away and come up with

- - 
_~_~-_~______ ._ ________ i ~ ~~~~~~~~~~~~~~~~~~~~~
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a better one. This seems to be a case with a very simple function where —

“first order” systems are not sufficiently powerful to make real

progress. (It would of course be easy to handle this particular case by

simply putting it in the library as a special case , but this is nrobably

not particularly useful). This problem of fundamental limitations to

the first order approach to problem solving is encountered in many

systems (see for example , the discussion on pp. 182—185 in [Sussman)).

An aspect of REVERSE which was not considered for optimization was

to make it a destructive operation. This can be done , and it can be a

large savings because CONS has a delayed cost associated with garbage

collection of the allocated cells. The reason REVERSE can not be

changed to be destructive is that we do not know how it is going to be -:

used in other parts of the program. Normally one does not expect a

function to destroy its arguments, and if the list being reversed is

pointed to by any symbol, or is part of any data structure used by the

program, destructive reversal will probably have very bad effects. So

the definition of REVERSE itself should not be made destructive (as is

done in [Darlington]), but martiou].ar uses of it may be candidates for a

destructive version of REVERSE. Those instances are best determined

separately from the question of optimizing REVERSE itself —— and the

problem is difficult enough that a good approach is one of brute force:

replacing each instance of REVERSE with a destructive—REVERSE and

testing the whole program for correctness each time.

_____________ 
~~~~~~~~~~~~~~
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III.1.f LAST —

The func tion LAST , which simply returns a pointer to the last

element of the list given it as argument, has more optimization

possibilities than one would suspect. The starting point is the usual

definition given to new students of Lisp . As is normal in any function

dealing with lists, the definition star~ts *ith a check for the empty

list, then checks if the current element- is already the last one,

otherwise the function is called recursively on the CDR of the list.

(DE LAST
CL)
(C0ND ((NULL L) NIL)

((NULL (CDR L)) L)
(T (LAST (CDR L)))))

It would be possible at this point to proceed in a fashion similiar ,

to the ~€MQ example and transform the definition into an equivalent

iterative form. That would be a mistake in this case however, since the

iterative form would obscure the discovery of an important optimization.

By first running the program for LAST on example inputs , it is possible

for the system to noti e---a~~glaring “abnormality” about the first

conditional test for “(NULL L)” by using 
- 
an augmented function

definition obtained from the BCT program described earlier. The

augmented function definition will show that the test for “(NULL L)” is

never true for any example input except one: the empty list Itself. If

the test was never true for any example it could simply be eliminated ,

the best we can try to do in this case is to remove it trots the “main



~~~~

.- 
~~~~~~~~~~~~~~ — — —

~
.-- — 

‘~~~~~ —--—v-._.— —n. 
~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~ —- - -

73

path” of the function. The system knows of one way to attempt to do

this, which is to introduce an auxiliary function definition obtained by

removing all but the first test from the conditional. Testing shows

that this will work in the case of LAST , and the following definitIon is

accepted as a new starting point:

(DE LAST
CL)
(IF I.. (LAST 1 L)))

(DE - LAST1
CL)

- (COND ((NOT (COR L)) L)

J (1. (LAST (CDR L)))))

It is important to realize that the system did not arrive at this

new definition by 1!reasoning~
? about th~ problem of finding the last

element of a list, and realizing that the check for “(NULL L)” is

redundant for a list element which was checked the previous time by the

“(NULL (CDR L))” test. Certainly it would be nice if the system ,gj~,

have such reasoning powers, but in this case, looking for pecularities

in the execution of the program has the same result.

Once the definition has been split into two functions, further

optimizations of a more straight forward nature become possible. First ,

the conditional usage can be improved :

~

-

~
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(DE LAST
CL)
(IF L. (LAST1 L)))

(DE LAST1
CL)
(ITE (CDR L)

(LAST (CDR L))

Now recursive to iterative transformat ion of the defin it ion of

LAST1 can be done directly:

(DE LAST -

CL)
(IF !..

(LAST1 L)))

(DE LAST1
CL)
(DW CCL L (CDR L)))

( ( CDR L) L ) ) )

A situation similar to one part of the REVERSE example is now

apparent. The definition of LAST1 no longer contains any recursion so

it may be plugged in directly where it is called in LAST —— and since it

is not called anywhere else the definition may be deleted :

(DE LAST
(I.)
(IF L

(DW (CL L (CDR L)))
CCCDR 1..) L))))

w~ut1 o.rtainly seem that all possibilities for expressing LAST

h d  been exolored by now , since the definition is so simple .

I.. - -— — — - - — - — - —  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -- -
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A remaining improvement if LAST is compiled is to arrange for “(CDR L)”

to be done only once for each iteration of the loop —- this should be

relatively easy for a compiler that can recognize common sub—

expressions. In the interpreter , it is possible to utilize the

“parallel assignment” of variables in do—loops (see appendix) to obtain

an unusual definit ion of LAST . This definition is not produced by the

system, but I include it here as a matter of interest (note that the

separate “outside” test for L being non—NIL is no longer necessary).

(DE LAST
CL)
(Ow ((L L (CDR L))

(L2 L L ) )
(L L2)))

III.1.g APPEND

Another standard function that is interesting to transform is the

function APPEND . As a function of two arguments , it is usually defined

as follows: if the first list is empty , return the second list ——
otherwise return the first element of the first list CONSed onto APPEND

of the rest of the first list and the second list.

CDE APPEND
CX Y)
(coND ((NULL X) Y)

CT (CONS (CAR X)
(APPEND C CDR I) Y ) ) ) ) )

As usual , it is possible to clear’ this up slightly by rearrangirw

the conditional. We then have the following definition :

- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - -- -—--~~~~-~~~ -
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(DE APPEND
Cx Y)
(ITE X

( CONS (CAR x) (APPEND C cDR X ) Y ) )
I ) )

The system now attempts to transform the definition into an

iterative form. Although this is a very small function, it is not so

easy to immediately come up with a good iterative form because of the

special properties and optitnizations of the CONS function. In the

recursive definition of APPEND , the system stack is essentially used to

reverse the order of CONSing so that the first call to APPEND returns a

pointer to the first cons cell of the result. If we don ’t use a stack,

the pointer to this first cell must be treated as a special case, and

saved so it can be returned . Furthermore, to do APPEND iteratively, one

must do a CONS of an element of the first list at a time when the second

argument of CONS (what to cons onto) is unknown. Thus a pointer to this

cons cell must be saved so that when this value is known , it can be

inserted (i.e. there must be a “back—pointer ” kept to the previous

element of the list being copied). In addition to these special needs ,

the last element in the copied first list must also be treated

specially, so that it is connected to the second argument. The point of

all this is that making APPEND (and functions like it which use COtIS)

into an iterative program is a reasonably complicated task. This is the

whole advantage of th~ library approaoh since we only have to fi rure out

how to do it once —— once th~ nattern has been generalized and entered

L ..
. _ 
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into the library , the transformation system can catch all similar

occurrences in the future. The library pattern in this case turns

APPEND into the following iterative definition :

CDE P .PPE ND
CX I)
(COND Cx (BINDQ ((R (LIST (CAR X))))

(DW ((x (CDR X) (CDR X))
(y l Y)
(P R C CDR (RPLACD P (LIST (CAR X))))))

Cx (RPLACD P 1) B))))
(1. I)))

To perform this transformation , the system had to introduce two new

variables. The variable R is initialized to the first cell of the

result list —— its purpose is to “save this pointer.” The variable P

points to the previous cons cell in the iterations of the loop -- its

step expression in the loop connects each copied list element to the

previous end—of—list , in addition to advancing P . The function LIST ,

when used with one argument, is equivalent to (CONS arg NIL). Finally,

when the first argument is completely copied it is connected to the

second argument by the “terminal case” code: (RPLACD P 1).

The library pattern for this transformation attempts to be as

general as possible, so further optimization of special cases can

usually be expected . In this case, the system removes the useless

initialization and setting of the variable Y to itself, a nd cleans up

the conditional again . The final definit ion for ftPPFN D is:

~ 
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IDE APPEND
(X X )  -

(ITE X
(BINDQ ((R (LIST (CAR X))))

(Dw ((X CCDR X) CCDB X))
(P B C CDE (RPLACD P (LIST (CAR X ) ) ) ) ) )

CX (RPLACD P Y) R)))
I) )

APPEND is unusual in that the final iterative version may not be as

fast as the best recursive version running under either the interpreter

or the typical dumb Lisp compiler. The reason is that the additional

overhead in keeping track of back pointers and performing RPLACD ’s may

outweigh the overhead of recursion that was removed. However, the

iterative version will work on lists -of any length, whereas the

recursive definition will cause stack overflow for long lists (for the

typical interpreter setup, lists longer than about 100 will cause

overflow). Fortunately, using the COUNTCALLS program to count the

number of evaluations of symbols and function calls shows the iterative

version to be oomputationally faster than the first recursive version,

although not the second. By assigning a higher than actual cost to

function calls that are recursive, one can make the calculated cost

favor iterative solutions and thus force the system to produce the

iterative version.

III.1.h MAPCAR

MAPCAR takes two arguments, the first is a function of one

I ~-

-*
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argument, the second is a list. The function is applied to each element

-in the list and MAPCAR returns a list of the return values. The usual

definition of MAPCAR follows ; the FUNEVAL function is roughly the

equivalent of APPLY in most Lisps.

(DE MAPCAR
(F L)
(COND ((NULL L) NIL)

CT (CONS (FUNEVAL F (CAR L))
(MAPC AR F (CDR L ) ) ) ) ) )

This definition can be improved in both readability and speed of

interpretation by using a different choice of conditional function —-
the system changes the definition to the following as a first step:

(DE MAPCAR
(F L)
C IFL

(CONS (FIJNEVAL F (CAR Li)
(MA P CAR F ( COB L ) ) ) ) )

In the second major phase of transformation , the conditional is

placed in a uniform COND format again , and then recursive to iterative

transformations are applied . The transformation pattern which was used

for the APPEND example also matches the definition of MAPCAB . The

resulting iterative form is:

---------- - ---- — -_-

~
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IDE MAPCAR
(F I..)
(COND CL (BINDQ ( C R  (LIST ( FUNEVAL F (CAR L ) ) ) ) )  -

(Ow ((F F F)
CL (CDR L) (COB L))
(P R

( CDR (RPLACD
P
(LIST (FUNEVAL F (CAR L)))))))

(L (RPLACD P NIL ) H ) ) ) )
(1. NIL)))

Simplifying this by removing the useless reassignment of F to

itself from the loop, and changing the conditional , gives:

(DE MAPCAR
(F L)
(IF L

(BINDQ ( C R  (LIST ( FUNEVAL F ( CAR L ) ) ) ) )
CDW (CL (CDR L.) (cDR L))

(PR
(CU R (RPLACD

P
(LIST ( FUNEVAL F (CAR L ) ) ) ) ) ) )

CL (RPLACD P NIL) R)))))

This is a reasonable definition for MAPCAR , but there is a

remaining Inefficiency resulting from the use of a generalized pattern

in making the iterative transformation. The code to handle the “end

special case,” (RPLACD P NIL), is not necessary in this case. All it

does Is replace the CDR of a cell with NIL whose CDR is already NIL.

While these doesn ’t hurt anything , and since it is outside the loop , is

L 

not particularly time wasting, ~t would be nice to remove it. To remove

it by doing a static analysis of the situation would renuire the

analyzer to realize two things. First , it would have to show that P 

-
~~~~~~ —~~~~~~~~~~~ - - —~~~~~~~~~~~~
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always pointed to a cons cell with NIL in its CDR . Second , it would

have to know what RPLACD does, and also show that the return value of

the call to RPLACD is not used . It is deceptively easy for a human Lisp

programmer to “prove” these things to himself —— it is not easy to bui ld

a system to automatically do this, even in this simple case. I believe

that there is a simpler way to attack this problem , which once again ,

relies on running the program and “listening to what the program tells

you about itself.” With a system similar to the BCT program described

earlier, it is relatively easy - to construct a .a~ecial case monitQ~ that

keeps track of special cases for every usage of a function in a given

program. Ry using the eval interrupt facility of the interpreter, one

can examine the arguments passed to a function , and if throughout the

execution of the program on a covering set of example inputs the

function performs only useless no—op operations, the system can try to

remove that Instance of the function from the program. Testing the

program after removal will catch cases where the return value of the

function is used and thus it shouldn ’t have been removed . A monitor for

the RPLACD function would look for instances where the CDR pointer was

always being replaced with itself, which is the case in the MAPCAR

definition. The concept of’ function monitors is only nartially

implemented in the system at this time. The final form of MAPCAR would

be: -
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(DE MAPCAR
(F Li
(IF L

(BINDO ((n (LIST (FUNEVAL F (CAR L)))))
(Ow (CL (CDR I.) (CDR L))

( P R
(CDR (RPLACD

P
(LIST (FUNEVAL F (CAR L)))))))

CL H)))))

j 111.1.1 FIB

The patterns in the library are normally made as general purpose as

possible, to increase the likelihood of application. However, some

transformations that one can dream up seem to be inherently specific to

very particular cases. A case in point is the pattern which changes the

Fibonacci functIon from doubly recursive to iterative form. The pattern

is generalized to handle appropriately restricted functions in the

operator positions of the pattern , but it seems unlikely that any real

function except Fibonacci will match the requirement that the function

oall itself in two places with the operation on the argument to one call

being equivalent to two operations on the argument in the other call. - - -

Nonetheless, there is no harm in storing the pattern in the library, —

since the additional time overhead of a specific pattern like this is - 

—

very small.

A starting definition for Fibonacci is riven below; the Important

thing to notice is that the function is doubly recursive —— the

execution time depends exponentially on the size of the argument. - -

-- -
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(DE FIB
(N ) j
CITE C< N 2.)

(+ (FIB C— N 1.))
(FIB C— N 2.)))))

The first step here is to translate to the standard “COND—forrnat”

and then apply the recursive to iterative transformation.

(DE FIB
(N )
IOU ((N N C— . N 1.))

(H 1. C+ R R2))
CR2 1. R))
((< N 2.) R)))

The execution time now only depends linearly on the size of the

argument, making calculation of (FIB 50) practical. The definition can

be further cleaned up by using the “1— ” function in place of the

subtraction of one, and shifting the range of N so that the test for

loop completion is faster:

(DE FIB
(N)
(DU ( ( N  (— N 2.) (1— N))

(B 1. (+ H R2))
(R2 1. R))

((MIN USP N ) H ) ) )

It is worth noting that this is still not the fastest way to

calculate the Fibonacci function . It is possible , by solvir’~ t.he

recurrence relation that defines the Fibonacci function , to obt-air an

expression for the function which can he calculated in constant tine for 

- - - - ---~~~-~~~~~~~~~ 
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- - 
any size argument (see for example , (Liu] pp. 58—62). This

transformation step is currently beyond the powers of the system, but

the problem of automatically solving recurrence relations has been

successfully attac-ked in Wegbreit’s METRIC “program analysis’ system

(Wegbreit 75], and such a capability is a natural extension.

_ _ _ _ _  _ _ _ _ _ _ _  ~
— - -
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111.2 Optimizing Large Prot~rams

One potential difficulty with a complex octimization process is

that it will take too long to be of practical value when applied to

‘real size” programs. This section briefly reports the results of

applying portions of the transformation system to real programs.

Since the system out puts an ontimized version of the original

program in the source language, it would normally be used as a final

pass in the development of the program , and thus need not be

particularly fast. In optimizing the pro~rams described in this

section, the system took approximately two minutes of CPU time per page

of source program. If the full testing and monitoring capabilities are

used , this time would go up to about five minutes per page. The

important thing is that the time per pare does not increase dramatically

with the total length of the program -- thus we do not have a

‘~combinatorial explosion.” The system itself could be made to ~o faster

by some redesign , hut this did not seen necessary at this point. The

primary place where the system’s speed could be increased is in the

selection of patterns from the library —— the algorithm now is simply

one of brute force, with many patterns aonlied repetitively to insure

that nothing is missed. With more effort applied to this part of the

system , many fewer patterns would have to he tried .

The system is not as big as one mi~ht expect —— it runs on a POP—lO

in about 6O~C 36—bit words. This includes the Lisp interpreter , which at

about 10K, is much smaller than similar interpreters.

t _ _ _
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III.2.a Go—Moku

This program was written by the author to play the game of go—moku , -

or five—in—a—row. It is about 11 pagea long , and is the first large

Lisp orogram I wrote —— conseouently the orogram is dated in both

language usage and programming style, One particular thing which

inhibits many possible optimizations is the use of GOTOs. At the time

this program was written in Lisp 1.6, there were no looping control

structures in the language except for the use of FORTRAN—style PROGs and - 

-

GOs, In the language that the system was written to understand (and

written in), there are neither PROGs nor GOs, these being replaced by

more pleasant and structured flow of control functions. Nonetheless,

the system was able to do some optimization by simply ignoring the FROGs

and GOs.

Three separate parts of the program were measured against the clock

to determine the amount of’ speedup in the optimized program. The first

Is the set of functions which produce a diagram of the board during

play. The optimized version ran about 15% faster than the original.

The second part measured was the evaluation function for the game ——
this is naturally where the majority of’ time is spent by the program.

This was only speeded up by about 10%, since the innermost function

involved is completely riddled with GOTOs. The last part measured was

the board expansion mechanism (the playing board automatically grows In

size as the game proceeds). This part of the program benefitted

substantially from the macro rubstitution of function bodies, and was

about 25% faster than the original .

~ 
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The system introduced no errcrs while optimizing this program ,

which took 25 minutes of CPU. Aporoximately 65 changes were made to the

program , many of’ whi ch were instances of improve d use of snecialized

functions. As a result of this, the resulting program is somewhat

easier to read than the original as well as being faster.

III.2.b Lisp Reader

This 5 page program is the reader for the Lisp system; it turns the

character strings from a file or a terminal into internal for~e.t binary

trees. I used this program to test out the parts of the system that try

to reorder conditional tests according to the frequency of their actual

application on real data. Much of the reader pro~~am is written in

terms of case statements ( the SELECT funct ion) so th is is part icularl y

straightforward . The ECT program was used to ob ta in au gment ed fu nct ion

definitions for the read program , this was then used to reorder the

tests so that the most frequently taken branch was tested for first.

The transformation system also helped uncover an inefficiency in the

most frequently called function (the read—next—character function) —— I
was still testing for a particular “feature” of the reader which in fact

could no longer occur.

— Using the system interactively , the read program was improved to

run about 15% faster. I normally compile this pro~raa, and it is

interesting to note that the compiled forn of’ the pro~ ra -i is only about

50% slower than the carefully hand—coded and less powerful reader

- -—— - -— — — - - - -—-~~~~~~ -— ~~~~~~~ 
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written in assembly language for the original Lisp 1,6 system . (The

original reader used jump tables to decode the characters into syntactio

classes, and it is surprising that the read program written in Lisp and

compiled by a poor compiler is not very much slower. The reason for

recoding the Lisp reader is that the original reader had a few bugs in

it, and did not allow some nice features, such as treating “2foo”, ~1+~

and “+“ as symbols Instead of read errors.)

Optimizing the read program took about 10 CPU minutes; some hand

guIdance was needed by the system in removing the useless test once it

was discovered to be useless (never executed) since that part of’ the

transformation system has not been completed.

111.2.0 Chess

This long program, about 25 pages in length, plays chess. I wrote

this program about one year ago, and thus it conforms more closely to

the language definition and style than the Go—Moku program mentioned

earlier, Writing a chess program is a reasonably difficult task,

especially if the program is to play le~a1 chess —— that is, the program

must handle all the bothersome cases like castling, en passant captures,

and pawn promotion. This program does all that, and also includes

interface code that provides a disolay on a video terminal, accepts

moves, eta. I was careful when writing the proRram to be as efficient

as possible, so I was quite interested to find out what the system could

do to Improve the execution speed (which is, unfortunately, too slow to

be worth pursuing as a practical chess program).

L .____ .-..., ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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Comparing the optimized pro~ras with the original , I found that ,

under identical conditions , olaying the same 5 moves of’ a came took 189

seconds with the original and 151~ seconds with the optimized version .

This is a 22% speedup , which is much more than I expected . There were,

as expected , very few instances of inappropriate function use, and no

instances of reoursive to iterative transformation , since I had done

those by hand when the system was written. The improvement came

primarily from the system automatically choosing which functions would

be good candidates for making into macros, and subsequently replacing

those function calls with their instantiated bodies, followed by further

simplification. In the chess pro3ra~ , there were a large number of’

small functions that served as data structure accessing mechanisms ——
without them the program is incomprehensible.

The transformation system took about one hour of CPU time to

optimize the chess program —— far less than it would have taken me to

discover and implement the sarie amount of speedup. Due to the macro

substitution of functions the resultine ~rogram was about 10% larger

than the original.

t
III.2.d Backplane Wiring Checker

This is a program that provides several checking and sorting

facilities that are usefu l when making up backplane wire—wrap lists. It

can check for duplica te names , order the wire— ~?rap list by pin name , and

perform other consistency checks. The proc~ratn is about 6 na~es of’ Lisp

L - ~~~~~~~~~~~~~ -~~ • . . - - . - -- .~~~~~~~~~~~~ -~~- - 
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code; it was written several years ago by an experienced proerammer and

is still in use. The program has a reputation for being sloe. and

requiring very large amounts of memory to run in when working on large

backplanes. Investigation of the program showed that a. good deal of

time in a given run was spent garbage collecting —— and that this was

due to the construction of very long lists by a poor method that copied

the lists many times over.

The transformation system spent about 15 minutes of CPU time

optimizing this program. Many changes were made, including those most

important to cutting down on the number of’ garbage collections. A

recursive to iterative transformation was made to the central sorting

function —— something I missed when looking through the program by hand.

Since this program inputs and outputs to files (something not understood

by the testing program in the system) the equivalence of the output

files was verified by hand.

By the clock, the optimized wire—wrap program took 55% of the time

that the original took when operating on a large backplane wiring list

—— in other words the improvement was almost two to one.

L. . ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ .—— . . 
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IV

CONCLUSIONS

The performance of the system on real programs has proved to be of

practical value . While spectacular improvements in execution time are

rarely obtained , the system almost always finds some improvements .

There are several reasons why some kind of ootimization of pro~rarns

will virtually always be necessary . One is that less than perfect

programmers produce less than perfect code. Very often , especially in a

language with many built—in functions, the programmer may not even be

aware of the most efficient function to use for a particular case .

There is also the problem of updating old orograms to take advantage of

new language or machine features. In both these situations the current

system is at its best , and the required transformations can be carried

out easily and understandably with a ~,inimt~’~i chance for error.

Many optimization opportunities arise quite simply from poor

programming. Anyone who doubts that poor programming is not the norm is

enoouraged to read Kernigham and Plauj~er’s book on prograrimin~ style

(Kernigham). The book gives innumerable examples of incredibly bad

programs —— and they are all taken from programming textbooks!

It has been my observation that a common reason for messy and

inefficient programs is that during the develoemerit nrocess a series of

editing char!es to correct bugs and introduce new features leaves

remnants of the “old” nro~ram around . This often leads to less than 

-.— - -. .~~~~~~~~~ — - --~~~~~~~~~~~~~~~~~~~
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optimal logical expressions, redundant testing , and sometimes completely

useless sections of code. Part of the problem undoubtedly lies in the

effort required to change the form of the program radically with a

character or line—oriented text editor. If ohanging a conditional

statement to a case statement when the program requirements indicate

such a change requires many keystrokes and separate editor commands, the

programmer is unlikely to make the change during the debugging process,

I~ater , when the program is debugged , it is often too late to make the

changes, since they have either been forgotten or the motivation to make

them is insufficient. The use of a language—oriented editor during the

program development phase can minimize the development of contorted

“patched—up” code, and an automatic transformation system helps insure

that the final form of the program has all the useless computation

removed and the best built—in functions for each situation used .

Another advantage of having a good optimization tool is that it

allows one to write clear and simple programs without undue fear of

inefficiency. For example, in cases where recursion seems the most

natural to the programmer , he/she can use it, realizing that the

optimizer will turn it into a more efficient iterative expression if

that is possible. Similarly, there is often a trade—off between the

clarity of an expression and the efficiency of computing that

- expression. For example, in a program using sets, it may be much

clearer to say:

~ 

_ _ _ _ _ _ _  _ _ _ _
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(MEM BER X (UNION A B ) )

even though it will normally be faster to avoid the expensive union

operation by using:

(OR (M EMBER X A ) (MEMBER X B) )

An optimization system can relieve the programmer of performing this

chore. Using feedback from running the program , it can also order the

membership tests so that the set most likely to contain x is tested

first —— something few programmers would want to be bothered with doing.

Another task which is best handled by an automatic transformation

system is that of spec ialization. This can be either specialization of

the function for the particular ume in the program , smecialization of

the program for the data, or speciali7ation of underlying data

structures (as in (Low) and (Schwartz)). Successful specialization is

heavily denendent on the overall programming system design. If a

‘built—in” library function is to be specialized for a particular use,

then its definition should be available to the optimizer in source

language form —— in most current systems this is not the case.

The ability to specialize a function for a particular use is also

important when the system is allowed to substitute function bodies for

their calls —— in many cases a function is doing more work than is

necessary for a particular call, when the body is substituted this

extraneous computation can be removed .

, - - - . ~~-
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IV.1 Assessment of System

The program transformation system developed for this thesis is of

course only a beginning. Nonetheless, the more sophisticated systems of

the future will , I believe, share many of its most important

characteristics. Foremost among these are that transformations be

carried out within one high—level language -- without this the system

will be much harder to construct and making more than one pass through

the system will be impossible. Getting orogrammers to accept a program

transformation system will also be easier if they can directly see what

it does.

Equally important in a transformation system is an ability to

execute the program in a controlled fashion —— the “eval—interrupt”

method used in this system is a big step in the right direction.

Running the program not only allows the possibility of specializing the

program for the data, but it also gives one a method (via specific

function monitors) to discover optimizations of the program which can

not be detected from the program text.

An important principle of design in the transformation system is

that there j~ Q~j~ all—mowerful method that will 
accomplish all of the

desired goals. Thus a mixture of methods and tools must be combined in

one system , with a testing system (and interaction with the programmer)

to determine what is actually a correct improvement in particular cases.

In the spirit of’ honesty and forthrightness so well suggested in 

~~-~~~=—~~~~~~~~~~ -
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(McDermo tt) , I must confess to being overly ambitious in setting out to

build this system. As a result , parts of the system , particularly the

testing and dynamic monitoring subsystems , are inco~r.~lete and not fully

debugged as of this writing. They are far from useless, but they must

currently be used in a “semi—automatic mode” with the programmer

maintaining the flow of control with the rest of the system, and

stepping in when necessary to prevent disasters. Also, while it is

possible to program the system to do any marticular example for “show”

purposes (like the Fibonacci function), no one should be deceived as to

the limits of the power of the system . Since there is no deep model or

understanding of the program being analyzed , the system can never do

what is often required to get a large improvement: throw out the old

version and (using what was learned) do a total rewrite. The “second

order” system capable of doing this still seems many years in the

future.

4.
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p 1
IV.2 Suggestions for Future Work

Many opportunities exist for extension of the transformation

system. Among the possibilities are extensions to other languages, or

special applications within one language (e.g. a system expert in

programs dealing with a particular data structure such as sets, arrays,

binary trees , etc.) .

Probably the most useful thing to do is simply build up a much

larger library of patterns and replacements, although this can also be a

tiresome process. A good way to discover improvement patterns is to

spend a lot of time reading programs written by other people (especially

those just getting started in a language).

Another area for research is to automate the process of generating

patterns. This can be done by generalizing from other patterns , and by

proving or observing properties of functions that are useful to know

when optimizing (e.g. determining the function’s execution cost, whether

it is associative, has side—effeots , etc.).

A program transformation system can also provide useful feedback to - -

programming language designers —- if a particular transformation is

continually being done it may mean that the language does not provide a

clean way of expressing what one wants to do. The metering and

monitoring tools in the transformation system are very useful in

designing a hi!h level machine ~roh1tectvre (or compiler) for the

language —— they can provide statistics as to whioh functions ~re used ‘ii.

most often , and in what combinations.

— -
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A program transformation system can be a good influence on a

programmer, showing the best way to accomplish sonethin,. A

transformation system could be part of a computer assisted instruction

program —— the program analysis system described in [Ruth 7Z~) and [Ruth

76] carries out some optimizing transformations , for instance , in

addition to using program transforms to aid the program recognition

task.

Finally, a transformation system could be constructed to perform

yet “higher—level” optimizations that would use the results of the

monitoring tools. Technicues which can be tried here include the

addition and deletion of program statements , t-he noticing of patterns

and “runs ” in the output of different parts of the program , and the

discovery of “coincidences” between the values of variables in the

program and the output. With sufficient intelligence , this can lead to

the introduction of statements to exploit the previously hidden

constraints on the data. Another research possibility is to write a

program transformation system which could automatically introduce

heuristics into the program —— here there is the additional complication

that testing is now more difficult because there must be a statistical

measure of “goodness” for the heuristics instead of just a right/wrong

decision. These problems are discussed in more detail in [Rutter 75].

- ~~—~-~~~~~ - - ~~, -- ---- --
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J, Short LJ~1 £rim~r

The purpose of this appendix is to help those who are unfamiliar

with Lisp. The Lisp described here is the one used in the

transformation system , but the explanations of Lisp’s operation have

been simplified for the sake of space and sanity. A more thorough

introduction to particular Lisp implementations may be found in (Moon),

(Teitelman] or [Quats].

Syntax

In its simplest form, there are only three “special characters” in

Lisp.

( begins a list of items
) terminates a list of items

space separates items in a list

Any sequence of other characters delimited by these special characters

is either a symbol or a number . The items in a list may themselves be

lists; there is no limit to the amount of embedding . There is a special

symbol: “NIL” , which is synonymous with the list containing rio Items: .1 —

“0” . For example: -~~~ ~
‘ —

is

(foo bar 123 123.Z~5e_12 (deem down) NIL) 
- - 

-

is a list of 6 items , the first two of which are symbols , the third an

~~~—I 
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integer , the fourth a floating ooirit number , the fifth a list of two

symbols and the sixth the empty list. (For those who know Lisp: I have

avoided explaining the “cons—dot” notation since it is not used in any

examples).

Evaluation £u1e~

Evaluation of a Lisp program proceeds by passing the internal

representation of the list structure to the function EVAL , which

interprets its argument according to the following rules:

Tvoe ~~ Argument Value Returned

number itself ;numbers evaluate to themselves
NIL NIL ;NIL is also a constant
symbol value of symbol ;all symbols have value properties
list function call ;explained below

Lists represent function calls to EVAL —— the first element in the

list is the name of the function being called and must be a symbol with

a function property; the remaining elements in the list are the

arguments to the function call. The function property points to the

definition of the function, which is either a collection of machine

instructions (in the case of built—in functions) or a list structure

containing a list of the function’s parameters and the definition of the

function. The function property also has an indicator which gives the

type of the function . There are two types of function: EXPR—tvpe and

FEXPR—type . For an ~XPR—type function the ar~uments are evaluated left

- ----— _ -,-_ ‘ _-~~~~—_- ._-_____. --
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to right and bound to the corresponding parameters in the function’s - -

parameter list . Then the body of the function definition is evaluated

to obtain the value of the function call. For a FEXPR-type function the

arguments are 
~~~~~~~ 

evaluated , instead the entire argument list of the

function call (i.e. everything after the function name) is bound to the

FEXPR’s one parameter. FEXPRs are used to implement the control

structures of the langu9i~e, since they allow conditional and repetitive

evaluation of program fragments. Each FEXPR—type function has its own

rules about the structure and interpretation of its argument.

The definitions below use the following notation:

Notation Meaning

<sym> there must. be a symbol in this position
<-~xp> any expression allowed

predicate—expression: value of expression used for
true/false test in a conditional

<xxx> ... item preceding “ ...“ may appear zero or more times

Some f~XPR—tVDe !unctions

(DE <sy?n> (<sym>...) <exp> <exp>...)

DE gives an EXPR—type function property to its ar~ument. For example:

(DE add3 (n) (+ n 3))

would define add3 to be a function which added 3 to Its one argument and

returned that as its value.
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(IF <pexp> <exp>...)

IF evaluates its first argument, and if true (true in Lisp is anything

but NIL) it evaluates its remaining arguments , returning the value of

the last one as its value.

(UNLESS <pexp> <exp>...)

UNLESS is like IF except that it evaluates the remaining arguments if

the first evaluates to NIL.

(ITE <pexp> <exp> <exp>...)

ITE stands for IF—THEN—ELSE. If the predicate is true it evals the

second argument , otherwise the third through last.

(SELECT <exp>
(<labels> <exp>...)

<exp>)

SELECT is a case statement. The first expression is evaluated to get a

key. The <labels> are either a single symbol or number or a list of

symbols or numbers, they are not evaluated. A matching label is

searched for, and if found , the expressions following it are evaluated .

If no label matches, the last expression (the “default case”) is

evaluated.

- - -V ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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i-I
(CO N D (<pex p> <exp> . . .)

)

COND is a generalized conditional statement. The <pexp> are evaluated

until one is found to be true , then the expressions following it are

evaluated. COND returns NIL if no <pexp> are true.

(S <sym> <exp>)

The function S (called SETQ in most LISPs) is the assignment function :

it sets the value property of the symbol to the value of the <exp> .

(NEXTD <sym>)

The function NEXTD (for NEXT—CDR ) is shorthand for:

(S <sytn> (CDR <sym >))

(WHILE <pexp > <exp >. . . )

The <exp> are evaluated repeatedly as long as the <pexp> is true.

(UNTIL <pexp> <exp>...)

The <exp> are evaluated repeatedly as long as the <pexp> Is NIL. The

value of ~.iNTIL is the terminal value of the <pexp> .

(OW (<ivar—].ist>...)
( <pexp > <ex p >.. . )
<ex p> 

-~~-..—- -.-- V
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- - DW stands for DO WHILE. The first list in DW’s argument is a list of

“iteration variable lists.” Each <ivar—list>’s first element is a

symbol that will be used as a local loop variable. The second element

is an initial value for the variable. The optional third element is a

“step—expression” that will be evaluated each time through the loop to

obtain the next value of the loop variable. The second list in the

argument to DW is like a single COND—arm: the loop is executed while the

<pexp> is true ; when it becomes NIL the <exp> following the <pexp> are

evaluated to obtain the return value of the DW. The remaining arguments

to OW are the body of the loop —- these <exp> are executed for each

iteration of the loop . There is also a function flU (standing for DO

UNTIL) which is identical to DW except that it inverts the sense of the

test on the <pexp> .

Some ~XPfl—tv~e juin~tions

(LISTP <exp>)

returns true if <exp> evaluates to a CONS cell (CONS cells make up

lists). The function ATOM is the Inverse of LISTP. Similar type

testing predicates exist for the other types: SYMBOLP, NUMBER?. FIX MUMP ,

and FLONUMP.

(CAR <exp>)

CAR returns the first element of a list. CAR of the list (A B C) i~ A.

The function COR returns the rest of the list~ (B C) .

~ 

~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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( CONS <exp> <exp> )

CONS allocates a new two—element structure whose CAR is the value of the V -

first expression and whose CDR is the value of the second .

(RPLACA <exp> <exp>) 
V

RPLACA replaces the CAR of the cons cell pointed to by the first <exp>

with the value of the second <exp> . There is a similar function RPLACI)

which replaces the CDR of a cell. RPLACA and RPLACD are destructive

functions —— they do not allocate new structures but rather modify old

ones. -

(: <exp> <ex p> )

returns true if the two <exp> evaluate to the same structure . is

defined recursively, two lists are = if their CARs are = and their CDRs
are The function EQ is used to test eauality of’ symbols .

(+ (‘ 3 1~) (1+ 5) (— 5 2) (I 8 2))

the value of this expression is 25. Most of the arithmetic operators

can take a variable number of arguments, as + does in this example. In

addition , most operators are defined for both fixed and floating point

numbers —— automatic type conversion is performed where necessary.

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
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